Remarks 

The specification has been amended to remove embedded hyperlinks and invention- 
unrelated text. Applicants respectfully submit that the amendments to the specification do 
not introduce new matter. 

Claims 13, 14, 16-21, 3 1, 32, and 43-50 are pending in the instant application. By 
this amendment, claims 13, 16, 17, 19, 20, 31, 32, and 43-50 have been amended, as 
discussed in detail below, and claims 1-12, 15, 22-30, and 33-42 have been cancelled without 
prejudice to applicants' right to pursue the cancelled claims in this or a related application(s). 
In addition, to more particularly point out and distinctly claim the invention, claim 19 has 
been further amended to replace the word "receptor" with the word "subunit." Support for 
this amendment can be found at page 33, paragraph [0096] of the specification as filed. 

Applicants request consideration and entry of the amendments and remarks into the 

record. 

I. The Rejections For Lack of Enablement Should Be Withdrawn 

Claims 13, 14, 16-21, 31, 32, and 43-50 are rejected under 35 U.S.C. § 1 12, first 
paragraph, for allegedly containing subject matter which was not described in the 
specification in such a way as to enable one skilled in the art to which it pertains, or with 
which it is most nearly connected, to make and/or use the invention. It is the Examiner's 
contention that although the specification is enabling for a method of using a tissue protective 
cytokine receptor complex comprising an EPO receptor (EPO-R) and a pc receptor in 
screening assays to identify a compound that exhibits a tissue protective activity, the 
specification does not reasonably provide enablement for a method of using any other tissue 
protective cytokine receptor complexes in screening assays to identify a compound that 
exhibits a tissue protective activity. Applicants respectfully submit that, for the reasons 
discussed below and according to the applicable case law, the instant specification would 
have enabled one of skill in the art to use and practice the invention corresponding to the 
scope of the presently pending claims. 

The test for enablement is whether one reasonably skilled in the art could make or use 
the invention, without undue experimentation, from the disclosure in the patent specification 
coupled with information known in the art at the time the patent application was filed. U.S. v. 
Telectronics Inc., 857 F.2d 778, 8 USPQ2d 1217 (Fed. Cir. 1988). In fact, well known 
subject matter is preferably omitted. See Hybritech Inc. v. Monoclonal Antibodies, Inc., 802 
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F.2d 1367, 1384 (Fed. Cir. 1986) ("a patent need not teach, and preferably omits, what is well 
known in the art."). Further, one skilled in the art is presumed to use the information 
available to him in attempting to make or use the claimed invention. See Northern Telecom, 
Inc. v. Datapoint Corp., 908 F.2d 931, 941 (Fed. Cir. 1990) ("A decision on the issue of 
enablement requires determination of whether a person skilled in the pertinent art, using the 
knowledge available to such a person and the disclosure in the patent document, could make 
and use the invention without undue experimentation."). These enablement rules preclude 
the need for the patent Applicant to "set forth every minute detail regarding the invention." 
Phillips Petroleum Co. v. United States Steel Corp., 673 F. Supp. 1278, 1291 (D. Del. 1991); 
see also DeGeorge v. Bernier, 768 F.2d 1318, 1323 (Fed. Cir. 1985). 

Undue experimentation is experimentation that would require a level of ingenuity 
beyond what is expected from one of ordinary skill in the field. Fields v. Conover, 170 
USPQ 276, 279 (CCPA 1971). As referenced by the Examiner, the factors that can be 
considered in determining whether an amount of experimentation is undue have been listed in 
In re Wands, 8 USPQ2d 1400, 1404 (Fed. Cir. 1988). Among these factors are: the amount 
of effort involved, the guidance provided by the specification, the presence of working 
examples, the amount of pertinent literature and the level of skill in the art. The test for 
undue experimentation is not merely quantitative, since a considerable amount of 
experimentation is permissible, so long as it is merely routine. Id. 

Further, while the predictability of the art can be considered in determining whether 
an amount of experimentation is undue, mere unpredictability of the result of an experiment 
is not a consideration. Indeed, the Court of Custom and Patent Appeals in In re Angstadt, has 
specifically cautioned that the unpredictability of the result of an experiment is not a basis to 
conclude that the amount of experimentation is undue. In particular, in an unpredictable art it 
is not necessary for an inventor to disclose a test with every species covered by a claim, as it 
would force an inventor seeking adequate patent protection to carry out a prohibitive number 
of experiments - and discourage inventors from filing applications in an unpredictable area. 
In re Angstadt, 190 USPQ 214 (CCPA 1976). 

The instant specification describes tissue protective cytokine receptor complexes 
comprising the EPO-R together with the (3c receptor, the yc receptor, and the GP130 
signaling subunit. The specification further goes on to describe complexes comprising the 
EPO-R together with segments and portions of other Type-1 cytokine receptors including, but 
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not limited to, GM-CSF, IL-3, and IL-5. Finally, receptor complexes comprising the EPO-R 
and orphan receptors including, but not limited to, ROR1, NR6, and HM74 are described 
(see, e.g., page 15, paragraph [0052] of the specification as filed). 

The Examiner's attention is next directed to Section 5.1 at page 16 of the specification 
as filed. Section 5.1, entitled "The Tissue Protective Cytokine Receptor Complex" describes 
in detail multiple forms that the receptors of the invention may take that were already known 
in the art (see, e.g., paragraphs [0057] and [0060] for the forms of the EPO-R and pc 
receptors, respectively). This section further describes various multimeric receptor structures 
of the invention (see, e.g., paragraph [0062]), provides for the preferred formulation of the 
tissue protective cytokine receptor complex of the invention (see, e.g., paragraph [0063] and 
Figure 6), and describes how the receptor polypeptides of the invention may be produced 
(see, e.g., paragraph [0064]). The instant specification also describes various cell types in 
which the receptors and receptor complexes of the invention may be expressed (see, e.g., 
Section 5. 2.2 A at page 33) and provides a working example of how one of skill in the art 
could determine whether the receptors of the invention are associated with each other within 
cells (see, e.g., Example 4 at page 105). 

In addition to the ample guidance and support provided in the specification, applicants 
point to relevant art which existed at the time of the invention that, together with the 
disclosure of the instant specification, would enable one of skill in the art to make and use the 
claimed invention without undue experimentation. In addition to the work of Jubinsky et al 
(Blood, 90:1867-1873, 1997), which was referenced by the Examiner, others have 
characterized multimeric receptor complexes involved in cytokine signaling. It has been 
shown that the Pc receptor is known to work as a multimeric complex (2 Pc) with other 
receptors that are in the same cytokine family as EPO, such as GM-CSF. The process of 
receptor assembly for this family also occurs in a highly conserved manner and as such it is 
highly likely that this too is the case with pc and EPO-R (see, e.g., Rossjohn, et al, Blood, 
95:2491-2498, 2000 (Exhibit C) and McClure, et al, Blood, 101:1308-1315, 2000 (Exhibit 
A)). 

In view of the foregoing, applicants submit that the specification, coupled with the 
state of the art as of the effective filing date of the instant application, fully enables one of 
skill in the art to make, use, and practice the invention as claimed without undue 
experimentation. Applicants respectfully request that the rejection under 35 U.S.C. § 1 12, 
first paragraph, for lack of enablement, be withdrawn. 
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II. 



The Rejections For Indefiniteness Should be Withdrawn 



Claims 13, 14, 16-20, 31, 32, and 43-50 are rejected under 35 U.S.C. § 1 12, second 
paragraph, for failing to particularly point out and distinctly claim the subject matter which 
applicants regard as the invention. In particular, the Examiner contends that claims 13, 14, 
16-20, and 43-50 are indefinite for their recitation of a method comprising "contacting" and 
"identifying," but failing to recite how a test compound is assayed for tissue protective 
activity, making it unclear what tissue protective activity is determined, and claim 32 has 
been rejected for being dependent on rejected claim 13. Further, the Examiner has rejected 
claim 3 1 because it is allegedly unclear how "detecting the presence of nucleolin in the cell" 
correlates with assaying for a tissue protective activity. Finally, claim 48 has been rejected 
by the Examiner for recitation of the limitation "wherein the tissue protective cytokine 
receptor complex ligand is an EPO," without proper antecedent basis for the limitation in 
either of claims 13 or 16 from which this claim depends. 

In response, claim 1 3 has been amended to add the phrase "wherein a test compound 
that increases the level of reporter gene expression relative to the level of reporter gene 
expression in the absence of the test compound is identified as a compound that modulates a 
tissue protective activity." The specification as filed clearly describes the identification of 
compounds having tissue protective activity by use of assays that measure reporter gene 
activity in a host cell (see, e.g., section 5.2.2.3 at page 42). As such, applicants assert that the 
amendment overcomes the Examiner's rejection of claim 13, and claims dependent thereon, 
i.e., claims 14, 16-20, 32, and 43-50, on the grounds of indefiniteness. 

In response to the Examiner's rejection of claim 31 as being allegedly unclear as to 
how detecting the presence of nucleolin in the cell correlates with assaying for a tissue 
protective activity, claim 3 1 has been amended to include the phrase "wherein an 
upregulation of nucleolin in the cell indicates a tissue protective activity." This amendment 
is supported by the specification as filed. For example, page 16, paragraph [0053], discloses 
that "activation of a tissue protective cytokine receptor complex may lead to the upregulation 
of the production of protective proteins, including, but not limited to, nucleolin and globins 
such as neuroglobins and cytoglobins (histoglobin). Accordingly, the screening methods for 
identifying compounds with tissue protective activity may utilize detection of such 
upregulated proteins." The Examiner's attention is also directed to Example 10 of the instant 
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specification at page 110, entitled "Detecting the Presence of Nucleolin," in which ample 
support and direction are provided with respect to how a tissue protective activity is assayed 
by detecting the presence of nucleolin in a cell. Thus, claim 31, as amended, makes clear 
how the presence of nucleolin correlates with tissue protective activity. As such, Applicants 
assert that the rejection to claim 3 1 has been overcome and should be withdrawn. 

Claim 32 has been amended to include the phrase "wherein an upregulation of 
neuroglobin or cytoglobin in the cell indicates a tissue protective activity." Applicants assert 
that in light of the arguments presented above, this amendment makes it apparent how the 
presence of neuroglobin or cytoglobin is an indicator of tissue protective activity. 

Finally, Applicants have amended claims 48 and 50 to correct dependencies. The 
dependency of claims 48 and 50 have been amended, such that these claims now depend on 
claim 44. There is sufficient antecedent basis in claim 44 for the limitations provided in 
claims 48 and 50, thus obviating the Examiner's rejection. 

For the reasons detailed above, applicants submit that claims 13, 14, 16-20, 31, 32, 
and 43-50, as amended, particularly point out and distinctly claim the subject matter which 
applicants regard as their invention. Applicants respectfully request that the rejection under 
35 U.S.C. § 1 12, second paragraph, for indefiniteness, be withdrawn. 

III. The Rejections For Obviousness Should be Withdrawn 

Claims 13, 14, 17, 19, 20, 48, and 49 are rejected under 35 U.S.C. § 103(a) as being 
unpatentable over Jubinsky, et al (Blood 90:1867-1873, 1997, "Jubinsky") in view of 
Mercury™ Pathway Profiling System User Manual (Clontech, March 2, 2001, "Mercury"). 
The Examiner alleges that: (i) Jubinsky teaches a functional complex comprising the EPO 
receptor (EPO-R) and a (3c receptor in murine Ba/F3 cells that were transfected with either 
the murine EPO-R or EPO-R/pc, a functional role for the Pc receptor in the EPO-dependent 
proliferation of Ba/F3 cells expressing the EPO-R, and a method for identifying the effect of 
sense, antisense, and nonsense oligodeoxynucleotides to Pc on EPO-dependent proliferation 
and p-globin expression in Ba/F3 cells; and (ii) Mercury teaches various reporter genes and 
vectors containing a promoter and response element which control the transcription of the 
reporter genes and an assay for screening a compound for its effect based upon the reporter 
gene activity. The Examiner argues that it would have been obvious to one of ordinary skill 
in the art at the time of the invention to modify the method of Jubinsky to include the reporter 
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system of Mercury with a reasonable expectation of success. The Examiner further posits 
that one would have been motivated to do so because the system provided by Mercury is 
ideal for use with membrane receptors. 

Furthermore, the Examiner has rejected claims 13, 16-18, 21, 43-48, and 50 under 35 
U.S.C. § 103(a) as being unpatentable over Jubinsky in view of Trueheart et al. (U.S. Patent 
No: 6,159,705, December 12, 2000, "Trueheart"). The Examiner concluded that Trueheart 
teaches rapid, reliable, and effective assays for screening and identifying pharmaceutically 
effective compounds that specifically interact with and modulate the activity of a 
heterologous receptor and that the cells used in the assays provided by Trueheart may be of 
prokaryotic or eukaryotic origin and may include yeast cells. The Examiner asserts that it 
would have been obvious to one having skill in the art to combine the method of Jubinsky to 
functionally express the EPO-R and Pc receptor in a prokaryotic cell, such as a yeast cell, or a 
human cell in order to screen various compounds using a reporter gene taught by Trueheart, 
in order to identify a compound that modulates a tissue protective productive activity of the 
EPO-R/pc receptor complex with a reasonable expectation of success. The Examiner argues 
that one would have been motivated to do so because the assay system of Trueheart provides 
a rapid, reliable, and effective assay for screening and identifying effectors of a receptor 
protein or complex thereof. 

For the reasons set forth below, applicants disagree with the Examiner's contention 
that the instant invention is unpatentable over Jubinsky in view of Mercury or in view of 
Trueheart for reasons of obviousness. 

A. The Legal Standard 

A finding of obviousness requires that "the differences between the subject matter 
sought to be patented and the prior art are such that the subject matter as a whole would have 
been obvious at the time the invention was made to a person having ordinary skill in the art to 
which said subject matter pertains." 35 U.S.C. § 103(a). 

In its recent decision addressing the issue of obviousness, KSR International Co. v. 
Tele/lex Inc., 127 S.Ct. 1727, 82 USPQ2d 1385 (2007), the Supreme Court stated that the 
following factors set forth in Graham v. John Deere Co., 383 U.S. 1, 148 USPQ 459 (1966) 
still control an obviousness inquiry: (1) the scope and content of the prior art; (2) the 
differences between the prior art and the claimed invention; (3) the level of ordinary skill in 
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the art; and (4) objective evidence of nonobviousness. KSR, 127 S.Ct. at 1734, 82 USPQ2d 
at 1388 quoting Graham, 383 U.S. at 17-18, 14 USPQ at 467. 
The Graham Court stated: 

Under § 103, the scope and content of the prior art are to be determined; differences 
between the prior art and the claims at issue are to be ascertained; and the level of 
ordinary skill in the pertinent art resolved. Against this background, the obviousness or 
nonobviousness of the subject matter is determined. Such secondary considerations as 
commercial success, long felt but unsolved needs, failure of others, etc., might be utilized 
to give light to the circumstances surrounding the origin of the subject matter to be 
patented. 

Thus, the standard set forth in Graham is a broad inquiry which invites looking at any 
secondary considerations that would prove instructive in the obviousness analysis. KSR 
Intern. Co. v. Tele/lex, Inc., 127 S.Ct. 1727, 1736 (2007). When an invention combines two 
known devices according to their established functions, it can be important to identify a 
reason that would have prompted a person of ordinary skill in the relevant field to combine 
the elements in the way the claimed invention does. Id. at 1737. If a person of ordinary skill 
can implement a predictable variation, § 103 likely bars its patentability. Id. at 1737. A court 
must ask whether the improvement is more than the predictable use of prior art elements 
according to their established functions. Id. at 1737. Further, the relevant inquiry is whether 
the prior art suggests the invention and whether the prior art provides one of ordinary skill in 
the art with a reasonable expectation of success. In re O'Farrell, 853 F.2d 894 (Fed. Cir. 
1988). 

In making a determination of obviousness, one must consider the prior art from the 

perspective of a person having ordinary skill in the art at the time the invention was made. 

"Measuring a claimed invention against the standard established by section 103 requires the 

oft-difficult but critical step of casting the mind back to the time of invention, to consider the 

thinking of one of ordinary skill in the art, guided only by the prior art references and the 

then-accepted wisdom in the field." In re Dembiczak, 175 F.3d 994, 999 (Fed. Cir. 1999), 

citing to W.L. Gore & Assoc., Inc. v. Garlock, Inc., 721 F.2d 1540, 1553 (Fed. Cir. 1983). 

The KSR Court, citing Graham, upheld the principle of avoiding hindsight bias and cautioned 

courts to guard against reading into the prior art the teachings of the invention in issue. 1 27 

S.Ct. at 1742, 82 USPQ at 1397: 

A factfinder should be aware, of course, of the distortion 
caused by hindsight bias and must be cautious of arguments 
reliant upon ex post reasoning. See Graham, 383 U.S., at 36, 
86 S.Ct. 684 (warning against a "temptation to read into the 
prior art the teachings of the invention in issue" and instructing 
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courts to '"guard against slipping into the use of hindsight'" 
(quoting Monroe Auto Equipment Co. v. Hecke thorn Mfg. & 
Supply Co., 332 F.2d 406, 412 (C.A.6 1964))). 

Finally, evidence of unexpected or unobvious results is objective evidence of 
nonobviousness, and may be used to rebut a prima facie case of obviousness. In re Wagner, 
371 F.2d 877 (C.C.P.A. 1967); M.P.E.P. § 716.02. 

B. Jubinsky, Either Alone Or Combined With Either Mercury or 
Trueheart, Does Not Teach Or Suggest the Claimed Invention 

Applicants submit that, standing in the shoes of the ordinary skilled artisan as of the 
effective filing date of the application, there was no suggestion of the claimed invention in 
the art. The combination of Jubinsky with either Mercury or Trueheart, cited by the 
Examiner, are discussed below to demonstrate that the claimed methods for identifying 
compounds with tissue-protective activity were not obvious over the prior art. 

First, applicants submit that the Examiner has mischaracterized the findings reported 
by Jubinsky as they relate to the claimed invention. The claimed invention relates to cell 
based assays for screening compounds for tissue protective activity using cells that express 
the heteromultimer tissue protective receptor complex. In this case, a tissue protective 
activity encompasses such activities that would serve to inhibit or delay either damage or 
death of a certain cell, tissue, organ {see, e.g., page 13, paragraph [0038] of the specification 
as filed). The invention is based, in part, on the surprising discovery that a limited class of 
tissue protective cytokines modulate tissue protective activity through a receptor pathway that 
does not involve the classical EPO receptor dimer {see, e.g., page 3, paragraph [0006] of the 
specification as filed). This alternative receptor is in fact a heteromultimer receptor complex 
comprising EPO-R and the (3c receptor which is found in excitable tissues such as the brain, 
the spinal cord, and the heart {see, e.g., page 16, paragraph [0052] of the specification as 
filed). Applicants discovered that EPO binds to this receptor complex and mediates its tissue 
protective activity through this alternative receptor pathway {see, e.g., page 3, paragraph 
[0007] of the specification as filed). Next, Applicants invented the claimed methods for 
using this heteromultimer receptor complex to screen potential compounds for tissue 
protective activity {see, e.g., Section 5.2, beginning at page 21 of the specification as filed). 

In contrast, Jubinsky's focus lies primarily in the relationship between the traditional 
signalling function of EPO, i.e., its ability to stimulate cell proliferation, and the EPO-R/|3c 
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receptor complex. Jubinsky demonstrates that the (5c receptor and the EPO-R form a 
complex through which EPO-dependent cell-proliferation of Ba/F3 cells is mediated (pages 
1 869-70). Jubinsky further establishes that antisense oligodeoxynucleotides to P mRN A 
capably reduce EPO-dependent proliferation of Ba/F3 cells expressing the EPO-R, further 
establishing a role for the EPO-R/pc receptor complex in cell proliferation in response to 
EPO(page 1869). 

Thus, Jubinsky only examines the role of the EPO-R/pc receptor complex in cellular 
proliferation and never contemplates or suggests a tissue protective role for this receptor 
complex. Nowhere does Jubinsky suggest a tissue protective activity mediated by the EPO- 
R/pc receptor complex. Consequently, Jubinsky alone cannot render obvious the claimed 
assays for using the heteromultimer receptor complex to screen potential compounds for 
tissue protective activity. 

The Examiner alleges that the combination of Jubinsky with Mercury renders obvious 
claims 13, 14, 17, 19, 20, 48, and 49, and that the combination of Jubinsky with Trueheart 
renders obvious claims 13, 16-18, 21, 43-48, and 50. However, neither Mercury nor 
Trueheart compensate for the deficiencies of Jubinsky. 

Mercury teaches reporter gene systems by which various signal transduction pathways 
can be elucidated in eukaryotic cells. Trueheart teaches assays for screening and identifying 
pharmaceutical ly effective compounds that specifically interact with and modulate the 
activity of a given heterologous receptor in a cell of prokaryotic or eukaryotic origin. 
However, one of ordinary skill in the art at the time of the invention would not have 
contemplated applying the teachings of either Mercury or Trueheart to the findings of 
Jubinsky to identify compounds that modulate tissue protective activity because Jubinsky 
only examines the role of the EPO-R/pc receptor complex in cellular proliferation and never 
contemplates or suggests a tissue protective role for this receptor complex. 

Moreover, the results disclosed in the instant application concerning the unexpected 
pathway for signalling of tissue protective cytokine activity through the EPO-R/pc receptor 
complex was completely unexpected based on the teachings of Jubinsky and others at the 
time of the presently claimed invention. In fact, Jubinsky, by reporting that transgenic 
knock-out mice lacking the EPO-R/pc receptor retained normal EPO signalling activity, 
actually taught away from the claimed invention. For example, Jubinsky, at page 1872, 
points out that "animals deficient in either Pc or piL-3 have not been reported to have 
impaired erythropoiesis," citing to Nishinakamura, et al 9 Immunity 2:21 1, 1995 
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("Nishinakamura"; Exhibit B) and Stanley, et al. 9 Proc. Natl. Acad. Sci. 91:5592, 1994 
("Stanley"; Exhibit D). These papers referenced by Jubinsky represent studies performed on 
mice with one intact P chain remaining (either the 0c or piL-3). Jubinsky contemplates the 
possibility that EPO interacts with the non-disrupted chain, thus providing a potential reason 
as to why both Nishinakamura and Stanley saw no change in the test animals' responsiveness 
to EPO despite the lack of either Pc or piL-3 receptor genes. However, Scott, et. al, ( cited 
as reference C39 in the Information Disclosure Statement filed on March 9, 2005; "Scott"), 
works to rebut Jubinsky' s hypothesis that the non-disrupted P chain in the animals described 
by Nishinakamura and Stanley might be compensating for the absence of the deleted P chain. 
Scott teaches mice lacking both the Pc and pIL-3 receptor genes and demonstrates that bone 
marrow progenitor cells taken from said Pc/pIL-3 null mice show no observable difference in 
their responsiveness to EPO relative to wild-type mice (see Scott at page 1590, Fig. 2B). 

Against this background, the finding that the EPO/pc receptor complex mediated 
tissue protective activity of certain forms of EPO was entirely unexpected. In particular, 
experiments presented in the instant application demonstrate that cardiomyocytes isolated 
from Pc (-/-) knock-out mice lack tissue protective activity (see Example 5 at page 106 of the 
specification as filed and Figure 7). The results of these pc (-/-) knock-out mice demonstrate 
that there is no tissue protective activity of EPO in cardiomyocytes isolated from Pc chain 
knockout mice, as evidenced by the fact that the percent of apoptosis in Pc (-/-) 
cardiomyocyte cells in the presence of EPO was equivalent to that in the absence of EPO. 
However, cardiomyocytes from wild-type mice having intact Pc chains did demonstrate a 
tissue protective effect of EPO, as evidenced by a significantly lessened degree of apoptosis 
in these cells. These results were completely unexpected given the teachings of 
Nishinakamura, Stanley, and Scott which demonstrated that such knock-out mice exhibit 
completely the normal EPO activity. Based on this surprising discovery, the inventors 
designed the claimed assays to identify compounds that modulate tissue protective activity. 

As such, applicants assert that, at the time of filing of the instant application, the 
claimed invention was not only non-obvious, but in fact entirely unexpected, in light of what 
was known in the field at the time, as evidenced by the published results of Jubinsky, 
Nishinakamura, Stanley, and Scott. 

In view of the arguments above, applicants assert that it would not have been obvious 
to one of ordinary skill in the art to combine the teachings of Jubinsky with either Mercury or 
Trueheart to identify a compound that modulates a tissue protective activity of the EPO-R/pc 
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complex. Therefore, Applicants respectfully request that the rejection under 35 U.S.C. § 
103(a), for obviousness, be withdrawn. 

Conclusion 

Applicants respectfully request entry and consideration of the foregoing amendments 
and remarks. Withdrawal of all the rejections and an allowance are earnestly sought. 



Respectfully submitted, 
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HEMATOPOIESIS 




Molecular assembly of the ternary granulocyte-macrophage colony-stimulating 
factor receptor complex 

Barbara J. McClure, Timothy R. Hercus, Bronwyn A. Cambareri, Joanna M. Woodcock, Christopher J. Bagley, 
Geoff J. Howlett, and Angel F. Lopez 



GM-CSF, the GM-CSF antagonist E21R 
(Glu21 Arg), and the pc-blocking monoclo- 
nal antibody BION-1 to define the molecu- 
lar assembly of the GM-CSF receptor com- 
plex. We found that GM-CSF and E21R 
were able to form low-affinity, binary com- 
plexes with sGMRa, each having a stoichi- 
ometry of 1:1. Importantly, GM-CSF but 
not E21R formed a ternary complex with 
sGMRa and spc, and this complex could 
be disrupted by E21R. Significantly, size- 
exclusion chromatography, analytical ul- 
tracentrifugation, and radioactive tracer 
experiments indicated that the ternary 
complex is composed of one s(3c dimer 



with a single molecule each of sGMRa and 
of GM-CSF. In addition, a hitherto unrecog- 
nized direct interaction between pc and GM- 
CSF was detected that was absent with 
E21R and was abolished by BION-1 . These 
results demonstrate a novel mechanism of 
cytokine receptor assembly likely to apply 
also to interleukin-3 (IL-3) and IL-5 and have 
implications for our molecular understand- 
ing and potential manipulation of GM-CSF 
activation of its receptor. (Blood. 2003;101: 
130*1315) 



€> 2003 by The American Society of Hematology 



Granulocyte-macrophage colony-stimu- 
lating factor (GM-CSF) is a hematopoietic 
cytokine that stimulates the production 
and functional activity of granulocytes 
and macrophages, properties that have 
encouraged its clinical use in bone mar- 
row transplantation and in certain infec- 
tious diseases. Despite the importance of 
GM-CSF in regulating myeloid cell num- 
bers and function, little is known about 
the exact composition and mechanism of 
assembly of the GM-CSF receptor com- 
plex. We have now produced soluble 
forms of the GM-CSF receptor a chain 
(sGMRa) and p chain (spc) and utilized 

Introduction 

Granulocyte-macrophage colony-stimulating factor (GM-CSF) is a 
cytokine produced by many cells in the body that regulates the 
production, effector cell function, and survival of myeloid cells. 1 ' 4 
Macrophages and granulocytes rise in numbers and exhibit a 
prolonged life span and enhanced effector function in response to 
GM-CSF, 5 - 6 properties that have encouraged its use in bone marrow 
transplantation 7 and infectious diseases such as those associated 
with AIDS. 8 In addition, GM-CSF controls dendritic cell produc- 
tion, differentiation, and function and potentiates responses of 
CD4 + T cells in vivo. 9 - 10 This dual action of GM-CSF has 
encouraged its utilization in different vaccination strategies. 11 On 
the other hand, these same properties have implicated GM-CSF in 
myeloid leukemia and several inflammatory conditions such as 
asthma 12 and rheumatoid arthritis. 13 

The actions of GM-CSF are mediated by specific receptors 
composed of 2 different subunits, a receptor a chain (GMRa), 14 
which provides specificity and the major binding contact, and a p 
chain (pc), 15 which is common with the interleukin-3 (IL-3) and 
IL-5 receptors, promotes affinity conversion, and acts as the major 
signal transducer. For this complex to be assembled and to signal, 
there exist structural and dimerization requirements, some of which 
have been defined. Extensive structure-function analysis has identi- 
fied several residues involved in GM-CSF, GMRa, and pc protein 
interaction and biologic activity. For example, the binding of 



GM-CSF to GMRa involves an electrostatic interaction between 
Aspl 12 in the fourth a helix of GM-CSF and Arg280 in the F-G 
loop of GMRa. 1617 The biologic activities and high-affinity 
binding of GM-CSF are exquisitely dependent on Glu2 1 in the first 
a helix of GM-CSF, although direct contact with pc has not been 
demonstrated. Substitution of this amino acid with arginine gener- 
ates a GM-CSF analog, E2IR (Glu2IArg), which exhibits only 
low-affinity binding and is unable to stimulate cellular proliferation 
and mature cell functions. 18 Importantly, E21R is able to antago- 
nize GM-CSF binding and function 19 ; however, the molecular basis 
of this antagonism is not fully understood. In pc, residues in the 
B-C loop (Tyr365, His367, Ile368) and F-G loop (Tyr42t) of 
domain 4 are involved in GM-CSF high-affinity binding and 
function. 2023 The monoclonal antibody (mAb) BION-I, which 
binds an area in Pc encompassing these loops, blocks GM-CSF 
binding and biologic activities. 24 

Dimerization of the a and Pc subunits of this family of cytokine 
receptors is recognized as a crucial step for their activation; 
however, the exact composition of the assembled complex remains 
unclear. A number of studies suggest that simple heterodimeriza- 
tion is sufficient to activate the GM-CSF receptor, 25 whereas both 
cross-linking and dominant-negative studies using surface-expressed 
receptors suggest that the formation of higher-order GM-CSF receptor 
complexes is required for receptor activation. 26 - 27 Dimerization of Pc in 



From the Cytokine Receptor Laboratory and Protein Laboratory, Division of 
Human Immunology, Institute of Medical and Veterinary Science (IMVS), 
Adelaide, South Australia; and Department of Biochemistry and Molecular 
Biology, University of Melbourne, Parkville, Australia. 

Submitted June 27, 2002; accepted September 10, 2002. Prepublished online as 
Blood First Edition Paper, October 10, 2002; DOI 10.1182/blood-2002-06-1903. 

Supported by grants from the National Health and Medical Research 
Council of Australia. 



Reprints: Angel Lopez, Cytokine Receptor Laboratory, Division of Human 
Immunology, IMVS, Frome Road, Adelaide, South Australia, 5000, Australia; 
e-mail: angel.lopez@imvs.sa.gov.au. 

The publication costs of this article were defrayed in part by page charge 
payment. Therefore, and solely to indicate this fact, this article is hereby 
marked "advertisement" in accordance with 18 U.S.C. section 1734. 

© 2003 by The American Society of Hematology 



1308 



BLOOD, 1 5 FEBRUARY 2003 • VOLUME 101 , NUMBER 4 



BLOOD, 1 5 FEBRUARY 2003 • VOLUME 1 01 , NUMBER 4 



GM-CSF/GM-CSF RECEPTOR ASSEMBLY 1 309 



particular has also been shown to be an important and necessary step for 
receptor activation, 28 * 29 probably reflecting the need to bring into close 
proximity the cytoplasmic domains of 2 0c molecules associated with 
Janus kinase-2 (JAK-2), resulting in JAK transphosphorylation and 
receptor phosphorylation. Interestingly, 0c has been shown to crystallize 
as a dimer 30 and to exist as a preformed homodimer on the cell 
surface. 26,28 Despite these findings, little is known about the full 
assembly of this family of receptors, the intermediate steps in their 
formation, and how receptor assembly may be selectively modulated. 

In this paper we show for the first time the full assembly of the 
human GM-CSF receptor in solution. This shows a novel mode of 
cytokine receptor assembly in which 1 molecule of GM-CSF 
associates with 1 molecule of GMRa and 2 molecules of [3c. In 
addition, these studies reveal an essential, direct interaction be- 
tween GM-CSF and pc and provide a molecular understanding of 
GM-CSF antagonism by E21R or BION-1. This novel mode of 
receptor assembly may also apply to the IL-5 and IL-3 receptors. 



Materials and methods 

Human GM-CSF and GM-CSF analogs 

Soluble wild-type human GM-CSF was produced in Escherichia coli and 
recovered from the periplastic space by osmotic shock as described 
previously. 19 Crude periplastic extracts were adjusted to 25 mM N- 
ethylmorpholine HC1 (NEM), pH 7.0, loaded onto Q Sepharose Fast Flow 
(Amersham Biosciences, Sydney, Australia) equilibrated in 25 mM NEM, 
pH 7.0, and a linear gradient of 0 to 600 mM NaCl in 25 mM NEM, pH 7.0, 
used to elute the bound proteins. GM-CSF purified by anion exchange was 
further purified by reversed phase high-performance liquid chromatography 
(HPLC), lyophilized, dissolved in phosphate- buffered saline (PBS) as 
previously described, 19 and sterile- filtered (0.45 |xm). The E21 R analog of 
GM-CSF (BresaGen, Adelaide, South Australia) contains a glutamate to 
arginine substitution at residue 21 and a modified 12-amino acid leader 
peptide, MFATSSSTGNDG, to facilitate expression in E coli? 1 

Radiolabeling of human GM-CSF 

To enable phosphorylation of GM-CSF under mild conditions, we made the 
GM-CSF analog, SGMKIN, in which the amino acids from alanine at 
position 3 to proline at position 6 were replaced by the peptide sequence 
RRASV, which is recognized by the catalytic subunit of cyclic adenosine 
monophosphate (cAMP)-dependent protein kinase from heart muscle. 32 
Complementary oligonucleotides were used to create a HindWMNcoX 
fragment encoding the N-terminal 12 amino acids of SGMKIN. This 
fragment was ligated with an NcoMBamHX fragment encoding the C- 
terminal 116 amino acids of human GM-CSF (hGM-CSF) into HMWXJ 
flawHI-digested pIN-III-OmpH3 expression vector 19 to create the plasmid, 
pSGMKIN. Soluble SGMKIN was expressed in E coli and purified as 
described for wild-type GM-CSF. The final product was at more than 95% 
purity by sodium dodecyl su I fate-poly aery 1 amide gel electrophoresis 
(SDS-PAGE), and the SGMKIN analog displayed biologic activity indistin- 
guishable from the wild-type GM-CSF (data not shown). Labeling of 
SGMKIN with 32 P used a protocol adapted from Kaelin et al. 32 Fifty 
micrograms of purified SGMKIN was incubated in a 200-u>L reaction mix 
containing 20 mM Tris (tris(hydroxymethyl)aminomethane) HCI, pH 7.5; 
100 mM NaCl; 12 mM MgCI 2 ; 10 mM P-mercaptoethanol; 1 fxCi/^L 
(0.037 MBq/u.L) ft- 32 P]adenosine triphosphate ([7- 32 P]ATP) (3000 Ci/ 
mmol [111 000 GBq/mmol]; Geneworks, Adelaide, South Australia), and 1 
U/uXof the protein kinase catalytic subunit (Sigma, Castle Hill, Australia). 
The reaction proceeded at 4°C for 30 minutes, was terminated by the 
addition of 200 |jlL of 100 mM EDTA (ethylenediaminetetraacetic acid), 
adjusted to 0.1% (vol/vol) trifluoroacetic acid (TFA; Auspep, Parkville, 
Australia), 1% (vol/vol) acetic acid, and loaded onto a Sep-Pak CI 8 
reversed phase cartridge (Waters, Rydalmere, Australia) equilibrated in 
0.01% TFA. The cartridge was washed with 0.01% TFA and bound 



SGMKIN eluted using 10 mL of 50% (vol/vol) acetonitrile in the presence 
of 0.01 % TFA. Ten equal fractions were collected, and those containing the 
peak of eluted radioactivity were pooled and concentrated using a 
Speed-vac (Savant Instruments, Farmingdale, NY) to a final volume of 
approximately 100 uX. 

Production of recombinant soluble GM-CSF receptor subunits 

DNA fragments encoding the soluble extracellular domains of GMRa 
(sGMRa) or pc (spc) were generated by PCR using the primers 5'- 
CTGACCGGATCCATGCTTCTCCTGGTG ACA AGCC-3 ' and 5'-GTA- 
CACGGATCCGAATTCTTACCCGTCGTCAGAACCAAATTC-3' for 
sGMRa and 5 ' -CTG ACC GG ATCC ATGGTGCTGGCCC AGGGGCTGC-3 ' 
and 5'-CAGCACGGATCCGAATTCTTACGACTCGGTGTCCCAGGA- 
GCG-3' for spc, with £coRI and BamHX restriction sites underlined. Stop 
codons were inserted immediately prior to the transmembrane domain for 
each receptor molecule, following Gly at position 320 for GMRa and Ser at 
position 438 for pc. The PCR products were digested with BamHX and 
EcoRl and cloned into the baculovirus transfer vector BacPAK9 (Clontech, 
Palo Alto, CA) and the sequence of the cloned inserts were verified by cycle 
sequencing with BigDye chemistry (Applied Biosystems, Foster City, CA). 
The cDNA encoding sGMRa and spc was introduced into the genome of 
Bsu?>6 1 -digested BacPAK6 viral DNA (Clontech) by homologous recombi- 
nation following the manufacturer's instructions. Expression of recombi- 
nant protein is under the control of the strong polyhedrin promoter. 
Large-scale expression of sGMRa or spc was performed by infection of 
Sf21 cells, grown in serum-free Ex-Cell 420 medium (JRH Biosciences, 
Brooklyn, Australia), with recombinant baculovirus at a multiplicity of 
infection of 0.3. Supernatant containing soluble receptor was harvested 
following incubation at 27°C for 5 to 7 days. 

Purification of soluble GMRa and spc 

Conditioned media containing sGMRa (20 L) or spc (9 L) were concen- 
trated to less than 1 L using tangential flow filtration cartridges (10 000 
molecular weight cutoff, 0.23 m 2 ) (Millipore, Northryde, Australia) oper- 
ated at 80 kPa and 4°C. Insoluble material in the concentrate was pelleted at 
3000g for 30 minutes and the resulting supernatant filtered (3 (xm) "prior to 
affinity chromatography. Affinity matrices were prepared by coupling E2 1 R 
or the anti-pc mAb, BION-1, 24 to cyanogen bromide (CNBr>-activated 
Sepharose 4B (Amersham Biosciences) following the manufacturer's 
instructions. Recombinant soluble receptor was bound to the affinity 
matrix, washed extensively in PBS containing 0.01% (vol/vol) polyoxyeth- 
ylene 20 sorbitan monolaurate (Tween 20), and bound proteins eluted with 
100 mM NaCl, 100 mM sodium acetate (pH 4.0). The eluate fractions were 
immediately neutralized using 2 M Tris and analyzed for the presence of 
soluble receptor by SDS-PAGE. Fractions containing purified soluble 
receptor were pooled and concentrated using a stirred-cell device with a 
10 000 molecular weight cutoff, low protein-binding membrane (YM10; 
Millipore) operated at 300 kPa and 4°C. Concentrated soluble receptor was 
dialyzed extensively into PBS, sterile- filtered (0.2 u>m), and stored at 4°C. 

SDS-PAGE 

Samples were analyzed on 10% or 12.5% polyacrylamide gels containing 
38: 1 acrylamide/bisacrylamide under reducing or nonreducing conditions 
as specified. Bands were visualized by staining with either Coomassie 
brilliant blue R-250 or silver. 33 

Mass spectrometry 

Electrospray ionization mass spectrometry was performed using a PE/Sciex 
API 100 mass spectrometer (Perkin-Elmer Sciex Instruments, Ontario, 
Canada). Protein samples were desalted in-line using a 1 X 10 mm reversed 
phase column eluted with 60% (vol/vol) acetonitrile in the presence of 
0.04% (vol/vol) TFA and the primary mass spectrum transformed to give a 
true-mass profile using instrument software. 

Protein analyses by size-exclusion chromatography 

Size-exclusion chromatography was initially used to quantify purified 
soluble receptors and their ligands. Samples were chromatographed on a 
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SMART system with a Superdex 200PC 3.2/30 (3.2 mm X 300 mm) 
column (Amersham Biosciences) operated at 40 (xL/min at 25 °C using 1 50 
mM NaCl, 50 mM sodium phosphate, pH 7.0, as running buffer. The area 
under the protein peak was integrated using the extinction coefficient 
(absorbance units X mL" 1 X mg~') calculated for each protein: GM-CSF, 
0.95; E21R, 0.88; sGMRa, 1.17; s(Sc, 1.95. 

To analyze protein-protein interactions, individual proteins and protein 
complexes were prepared in a final volume of 50 u,L, adjusted with PBS as 
required, and incubated at 25 °C for at least 1 hour. Samples were analyzed 
by size-exclusion chromatography using the SMART system as described 
above with data presented from representative experiments (n = 5). The 
dependence of elution time on the logm (MW) of protein standards was 
used to calibrate the column and to generate a trend line for each set of 
standards. External standards included myoglobin, MW 17 kDa; ovalbu- 
min, MW 44 kDa; 7-globulin, MW 158 kDa; and thyroglobulin, MW 670 
kDa (Biorad Laboratories, Hercules, CA). Internal standards were GM- 
CSF, MW 1 4.5 kDa; E2 1 R, MW 1 5.7 kDa; sGMRa, MW 43 kDa; and s(ic, 
MW 101 kDa as determined by mass spectrometry and SDS-PAGE. Soluble 
(3c was found to be a dimer by size-exclusion chromatography consistent 
with previous reports. 30 Calibration curves constructed from the external 
and internal standards were essentially parallel (see Figure 2A). The 
calibration curve for the internal standards was extrapolated to higher 
mass (670 kDa) because this was found to be the limit of the linear range 
for the external standards. 

Analytical ultracentrifugation 

The molecular weights of GM-CSF, E2 1 R, sGMRa, s(3c, and the binary and 
ternary complexes were determined by sedimentation equilibrium. Indi- 
vidual proteins and protein complexes were isolated by size-exclusion 
chromatography using a fast protein liquid chromatography (FPLC) system 
with a Superdex 200 10/30 (10 mm X 300 mm) column (Amersham 
Biosciences) operated at 0.5 mUmin at 25°C using 150 mM NaCl, 50 mM 
sodium phosphate, pH 7.0, as running buffer. Pooled fractions were 
concentrated using Centricon 10 microconcentrators (Amicon, Beverly, 
MA). Sedimentation equilibrium experiments were performed using a 
Beckman XL-A analytical ultracentrifuge equipped with a Ti60 rotor 
(Beckman, Palo Alto, CA) and filled epon centerpieces (12-mm path 
length). Sedimentation equilibrium profiles were obtained at 20°C using the 
rotor speeds indicated. Equilibrium distributions were fitted by nonlinear 
regression analysis to obtain best-fit values for the M ( I -vp), where M is the 
molecular weight and v the partial specific volume of the sedimenting 
species and p the solution density. The compositional molecular weights of 
the proteins and the partial specific volumes of GM-CSF and E21R were 
calculated from their amino acid sequences. Partial specific volumes for the 
glycosylated forms of sGMRa and spc were calculated assuming these 
proteins were monomer and dimmer, respectively. A value of 0.622 mL/g 
was assumed for the partial specific volume of carbohydrate. The experimen- 
tal value of M (I-vp) and the molecular weight (M p ) and partial specific 
volume of the protein component were then used to solve for the weight 
fraction of bound carbohydrate and hence the partial specific volume of the 
carbohydrate-bound protein. Values for the partial specific volumes of the 
GM-CSF/sGMRa and E2 1 R/sGMRa complexes were calculated assuming 
a I : I complex and no volume change on association. A value of 0.72 mL/g 
was assumed for the GM-CSF/sGMRa/s(3c complex. 

Cross-linking experiments 

Stable cross-linking of spc or soluble complexes of ligand with spc was 
performed by incubation of 2.6 u,g spc with either 2.4 p,g GM-CSF or E2 1 R 
for I hour at 25°C followed by addition of BS 3 cross-linker (Pierce, 
Rockford, IL) at a final concentration of 0.1 mg/mL for 10 minutes. The 
reaction was then stopped by addition of ethanolamine HC1, pH 8.0, to a 
final concentration of 100 mM. Cross- linked proteins were subjected to 
reducing SDS-PAGE and compared with non-cross-linked material. Anti- 
body Fab fragments of BION- 1 (anti-(3c fourth domain blocking mAb) and 
2HI (anti-(3c fourth domain control mAb) used in cross-linking experi- 
ments were generated by digestion with ficin using the Immunopure IgGi 
Fab Preparation Kit (Pierce) following the manufacturer's instructions. Fab 



fragment ( 1 8 |xg) was preincubated with 2.6 p,g spc for 30 minutes at 25 °C 
prior to the addition of 2.4 |xg GM-CSF in a final volume of 20 |xL for a 
further hour. Cross-linking was then performed as above followed by 
SDS-PAGE analysis. 



Results 

Production, purification, and analysis of GM-CSF 
soluble receptor components 

Complementary DNA fragments encoding the extracellular do- 
mains of GMRa and pc (sGMRa and spc) were generated by PCR 
and cloned into a baculovirus transfer vector. Following introduc- 
tion into a baculovirus expression system by homologous recombi- 
nation, the soluble receptor components were generated by infec- 
tion of Sf2 1 cells. Purification of the soluble receptors was 
achieved by affinity chromatography using immobilized ligand for 
sGMRa and immobilized mAb BION- 1 24 for sPc. Purified soluble 
receptors were recovered at more than 95% purity as assessed by 
silver-stained SDS-PAGE under reducing conditions (Figure 1A) 
with an apparent molecular weight (MW) of approximately 43 kDa 
for sGMRa and 55 kDa for sPc. Importantly, these MWs deter- 
mined for sGMRa and for spc did not alter when analyzed under 
nonreducing conditions (Figure IB), indicating the absence of 
disulfide-linked dimers. A small amount of disulfide-aggregated 
sPc was visible by nonreducing SDS-PAGE (Figure IB) and as an 
early, minor peak during size-exclusion chromatography (Figure 
2C). The absence of detectable disulfide-linked dimers in spc was 
confirmed by ion-spray mass spectrometry, which demonstrated 
that the protein preparation had a major species of 50.623 kDa with 
several minor species representing glycosylation variants. 

The physical properties of sGMRa and spc were further 
characterized by size-exclusion chromatography. We initially deter- 
mined the retention times of sGMRa (Figure 2B), spc (Figure 2C), 
GM-CSF (Figure 2D), and E2IR (Figure 2G). The individual 
proteins eluted at 39.17 minutes for sGMRa, 34.75 minutes for 
spc, 44.56 minutes for GM-CSF, and 44.11 minutes for E21R. 
External MW standards for calibration of the size-exclusion 
chromatography (Figure 2A) indicated that sGMRa, GM-CSF, and 
E21R were monomeric but that sPc was dimeric. The dimeric 
nature of spc was confirmed by cross-linking experiments with 
purified sPc which produced a covalent dimer with a MW of 100 
kDa as determined by SDS-PAGE (see Figure 8B). The observation 
that spc exists as a dimer is consistent with a recent report 
describing the structure of the extracellular domain of pc expressed 
in insect cells. 3034 We observed that both the ligands and the 
receptor components eluted from size-exclusion chromatography 



B 

sGMRasjk 




Figure 1 . SDS-PAGE analysis of purified sGMRa and spc. Soluble GMRa and spc 
were produced by Sf21 cells infected with recombinant baculovirus encoding 
appropriate cDNAand affinity purified from the supernatant as described in "Materials 
and methods." Soluble GMRa (1 ^g) and spc {0.5 fxg) were fractionated by 10% 
SDS-PAGE under reducing (A) and nonreducing (B) conditions and silver stained. 
The positions of molecular weight markers are shown in kilodaltons. 
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Figure 2. GM-CSF but not the GM-CSF analog E21R Induces the assembly of 
the ternary GM-CSF receptor complex in solution. The presence and molecular 
weight of individual proteins and protein complexes were determined using size- 
exclusion chromatography as described in "Materials and methods." (A) Linear 
regression of lc<ho (MW x 10~ 3 ) versus elution times using external (O) and internal (•) 
standards for calibration of the column. (B-l) Individual proteins sGMRa (B), spc (C), 
GM-CSF (D), and E21 R (G) were applied separately. Mixtures of sGMRa (6 p.M) and 
GM-CSF (1 2 pM) (E); spc (3 jiM), sGMRa (6 |xM), and GM-CSF (1 2 pdvl) (F); sGMRa 
(6 \jM) and E21R (12 (iM) (H); spc (3 jiM), sGMRa (6 jiM), and E21R (12 jtM) (I) 
were incubated for 1 hour before being applied to the column. The number above 
each peak represents elution time. Peaks containing binary (BC) or ternary (TC) 
complexes are indicated. 

earlier than expected from the elution times of the external MW 
standards (Figure 2A). We chose to use the proteins of interest as 
internal MW standards and constructed a calibration curve for the 
internal MW standards that is parallel to that constructed from the 
external MW standards (Figure 2A). This is expected to provide a 
superior estimate of the masses of the receptor complexes. 

Soluble GMRa interactions with GM-CSF and E21R 

Purified sGMRa (6 uJvl) was incubated with GM-CSF (12 jxM) 
and fractionated on a Superdex 200 column, producing a modest 
shift (from 39.17 minutes to 38.51 minutes) in the elution time of 
sGMRa (Figure 2E). The shifted peak, with an apparent MW of 48 
kDa, contained both GM-CSF and sGMRa as determined by 
SDS-PAGE analysis of fractions (data not shown). The MW of the 
GM-CSF/sGMRa binary complex is consistent with a stoichiome- 
try of 1:1 as has previously been described. 35 The complete peak 
shifts observed when sGMRa binds GM-CSF suggest that all of 
this soluble receptor is competent to bind ligand. Saturation 
binding experiments revealed that GM-CSF bound to sGMRct with 
a dissociation constant (K d ) of 1 .5 to 9 nM, similar to that seen with 
cell surface-expressed GMRa (data not shown). 

Purified sGMRa (6 uJVI) was incubated with E2 1 R ( 1 2 uJvl) and 
fractionated on a Superdex 200 column, producing a modest shift 
(from 39.17 minutes to 38.40 minutes) in the elution time of sGMRa 
(Figure 2H). The shifted peak, with an apparent MW of 49 kDa, 
contained both E21R and sGMRa as determined by SDS-PAGE 
analysis of fractions (data not shown). The MW of the E21R:sGMRa 
binary complex is consistent with a stoichiometry of 1 : 1 . 

The spc induces the formation of a GM-CSF ternary complex 

Purified spc (3 p.M) was incubated with sGMRa (6 (xM) plus 
GM-CSF (12 |xM) and fractionated on a Superdex 200 column, 
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Figure 3. SDS-PAGE analysis of the ternary GM-CSF receptor complex. Mixtures 
of spc, sGMR«, and either GM-CSF (A) or £21 R (B) were analyzed by size-exclusion 
chromatography as described for Figure 2F and I. Fractions were collected at 
1 -minute intervals, fractionated by 1 2.5% SDS-PAGE under reducing conditions, and 
silver stained. 33 The positions of individual components are indicated. 

producing a complete shift in the elution time of s£c (from 34.75 
minutes to 32.67 minutes) as well as peaks corresponding to the 
binary complex at 38.40 minutes and free ligand at 44.61 minutes 
(Figure 2F). The peak eluting at 32.67 minutes had an apparent 
MW of 155 kDa and contained GM-CSF, sGMRa, and s(3c as 
determined by SDS-PAGE analysis of fractions (Figure 3A). The 
MW of this ternary GM-CSF receptor complex is consistent with a 
stoichiometry of 1 GM-CSF: I sGMRa:2 s0c. 

In contrast, no ternary complex was observed when purified spc 
(3 jxM) was incubated with sGMRa (6 uJvt) plus E2IR (12 uJvl) 
and fractionated on a Superdex 200 column (Figure 21). Whereas the 
binary complex eluting at 38.32 minutes contained E21R and sGMRa, 
the peak at 34.80 minutes contained s(3c but no sGMRa or E21R as 
determined by SDS-PAGE analysis of fractions (Figure 3B). 

E21 R disrupts the formation of the ternary 
GM-CSF receptor complex 

To investigate whether the formation of a binary complex was an 
intermediate step in the formation of the ternary GM-CSF receptor 
complex, we tested the effect of E2IR in this process. Purified s£c 
(3 jxM) was incubated with sGMRa (6 and GM-CSF (12 u.M) 
for 1 hour. A 100-fold molar excess of E21R was then added, and 
after a further 1-hour incubation the mixture was fractionated on a 
Superdex 200 column. In the absence of E2 1 R the ternary GM-CSF 
receptor complex eluted at 33. 12 minutes (Figure 4). Significantly, 
in the presence of a 1 00-fold molar excess of E2 1 R (Figure 4) there 
was a reduction in the amount of ternary GM-CSF receptor 
complex and an increase in its elution time (34.10 minutes), more 
comparable with the elution time of free s(3c (34.75 minutes). The 
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Figure 4. E21R prevents formation of the ternary GM-CSF receptor complex. 

Following formation of the GM-CSF/sGMRa/spc ternary complex using a 1 :2:4 molar 
ratio, a 100-fold molar excess of E21 R over GM-CSF was added for a further hour at 
25°C before size-exclusion chromatography. The chromatogram shows the A 2 so 
profile of a GM-CSF/sGMRa/spc mixture in the absence (thick line) or presence of 
E21 R (thin line) or in spc alone (dashed line). 
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Figure 5. Analyses off the ternary GM-CSF receptor complex by sedimentation 
equilibrium. The individual proteins or protein complexes in 150 mM NaCI/50 mM 
sodium phosphate, pH 7.0, were centrifuged at 20°C at angular velocity, W rpm, for 
16 hours. The equilibrium profiles are presented as (W/W1) 2 Ln(c/c 0 ) versus the 
square of the radial distance, where c/c 0 is the optical density at 280 nm divided by 
the initial optical density and W1 is 20 000 rpm. For a single species, this plot is linear 
with a slope proportional to the molecular weight of the sedimenting species. The 
initial concentrations were in the range 0.40 to 0.47 mg/mL, and samples were 
centrifuged at 20 000 rpm except for E21 R, where the initial concentration was 0.2 
mg/mL and the angular velocity 15 000 rpm. Panel A samples: GM-CSF (O), sGMRa 
(□), GM-CSF/sGMRa complex (•). Panel B samples: E21R (O), E21R/sGMRa 
complex (•). Panel C samples: purified spc (□) was centrifuged at 15 000 rpm with 
an initial concentration of 0.45 mg/mL, whereas the GM-CSF/sGMRa/spc ternary 
complex at an initial concentration of 0.47 mg/mL was centrifuged at either 8000 rpm 
(A) or 1 5 000 rpm (•) for 1 6 hours at 20°C. 

reduction in the amount of ternary complex along with an increased 
amount of binary complex (38.40 minutes) and free ligand (44.00 
minutes) is consistent with sGMRa preferentially forming a binary 
complex with E21R, which is unable to recruit spc into a 
ternary complex. 

Stoichiometry of the ternary GM-CSF receptor complex 

To confirm the l GM-CSF: I sGMRot:2 s£c stoichiometry of the 
ternary GM-CSF receptor complex obtained by size-exclusion 
chromatography, we utilized 2 other complementary and indepen- 
dent methods. In one of these the molecular weights of the 
individual proteins and of the binary and ternary complexes were 
determined by sedimentation equilibrium. The results showed 
(Figure 5; Table I ) values similar to those obtained by gel filtration. 
The estimates of the molecular weight of the binary complexes 
GM-CSF/sGMRa, 52.7 kDa (Figure 5 A; Table I), and E2IR/ 
sGMRa, 54.8 kDa, (Figure 5B; Table l), are consistent with a 1: 1 
stoichiometry. The molecular weight of the ternary GM-CSF/ 
sGMRa/s(3c complex was determined to be 135 kDa (Figure 5C 
and Table I ). This value is consistent with a model where one spc 



dimer (97.4 kDa) associates with one GM-CSF/sGMRa binary 
complex (52.7 kDa) (Table 1) with a theoretical molecular weight 
of 150.1 kDa. 

In a separate approach, we used radiolabeled GM-CSF as a 
tracer molecule. Purified s|3c (0 to 7 jiM) was titrated against a 
mixture of sGMRa (3.2 u.M) and cold GM-CSF (7.3 jxM) spiked 
with the GM-CSF analog 32 P-SGMKIN and subjected to size- 
exclusion chromatography as above. Addition of s(3c to the 
GM-CSF/sGMRa mixture led to the dose-dependent formation of 
the ternary complex and depletion of the binary complex (Figure 
6A). Once the concentration of s(Sc saturated the available binary 
complex, a shoulder appeared on the trailing edge of the ternary 
complex peak, presumably reflecting the presence of free spc. 
Formation of the ternary complex was associated with a dose- 
dependent accumulation of radioactivity at the appropriate elution 
time of the ternary complex and was accompanied by a reduction of 
radioactivity at the elution time of the binary complex (Figure 6B). 
Titration of spc did not lead to a reduction of radioactivity at the 
elution time of free ligand, although a modest shift at the leading 
edge of the free ligand peak was observed. We then determined the 
distribution of 32 P-SGMKIN into the ternary complex and ex- 
pressed it as a percentage of total label in the ternary and binary 
complexes versus proportion of spc present (Figure 6C). When 
compared with the theoretical distribution predicted for a ternary 
complex with a GM-CSF/sGMRa/sPc ratio of 1:1:2 or 2:2:2, 
the observed distribution was consistent with a 1:1:2 stoichiom- 
etry. The observed distribution only departed from the modeled 
linear distribution as the concentration of binary complex 
became limiting. 

The use of radiolabeled GM-CSF also allowed us to investigate 
whether the presence of spc in the ternary complex led to affinity 
conversion. GM-CSF spiked with the GM-CSF analog 32 P- 
SGMKIN was titrated against an equimolar mixture of sGMRa and 
spc, allowed to equilibrate, and fractionated by size-exclusion 
chromatography. For each GM-CSF concentration point, radioactiv- 
ity bound in the binary and ternary complexes was determined 
and the proportion in each complex was expressed as a 
percentage of total bound counts. We found (Figure 6D) a 4-fold 
preferential distribution of 32 P-SGMKIN into ternary complexes 
at subsaturating concentrations of ligand, indicating that the 



Table 1. Sedimentation equilibrium analysis of the molecular weights 
of GM-CSF, E21R, sGMRa, spc, and their complexes 



Species 


M(1-vp) 


V 


MW 


Predicted 
MW 


Predicted 
stoichiometry 


GM-CSF 


3 590 


0.734 


13 700 






E21R 


4 050 


0.734 


14 300 






SGMRa 


11 800 


0.706 


40 700 






spc 


26 600 


0.723 


97 400 






sGMRa plus GM- 


14 600 


0.718 


52 700 


54 400 


1:1 


CSF 












sGMRa plus E21R 


15 400 


0.714 


54 800 


55 000 


1:1 


spc plus sGMRa plus 


37 300 


0.72 


135 300 


151 800 


2:1:1 


GM-CSF 













The buffer used was 150 mM NaCI/50 mM sodium phosphate, pH 7.0, and the 
temperature was 20°C. The complexes formed between GM-CSF and E21R with 
sGMRa and between GM-CSF, sGMRa, and spc were isolated by gel filtration. The 
initial concentration used for all samples was between 0.40 and 0.47 mg/mL except 
for E21R, where the starting concentration was 0.2 mg/mL. The reduced molecular 
weights of the samples, M (1 - vp), were determined by direct fitting of the sedimenta- 
tion data presented in Figure 5. These values were used to calculate the molecular 
weight (MW) of the sedimenting species using the partial specific volumes (v) 
indicated. 
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Figure 6. Radiolabeled GM-CSF differentially partitions to the ternary GM-CSF 
receptor complex. (A-C) A titration of purified spc (0 to 7.03 ^M) against a mixture of 
3.2 \lM sGMRa and 7.3 \iM GM-CSF spiked with 32 P-labeled SGMKIN. Reaction 
mixes were set up with 0 (dashed gray), 0.88 \xM (dashed black), 1 .76 jiM (thin gray), 
3.52 \iM (thin black), 5.27 ^M (thick gray), or 7.03 \x.M (thick black) spc and incubated 
at 25°C for 1 hour before size-exclusion chromatography. Fractions were collected at 
1 -minute intervals. A control reaction was also prepared with 5.27 jxM sfic and 3.2 *iM 
sGMRa but no GM-CSF (dashed black). (A) Chromatogram of A 280 profiles for each 
sample with the location of the ternary complex (TC), binary complex (BC), and free 
ligand (GM) indicated. (B) Distribution of radioactivity among the ternary complex, 
binary complex, and free ligand for the reactions described in panel A. (C) Radioac- 
tive GM-CSF distributed into the ternary complex, expressed as a percentage of the 
total radioactive GM-CSF in ternary and binary complexes; comparing experimentally 
observed values for the reactions described in panel A (•) with a theoretical 
distribution based on 1GM:1a:2(i (O) and 2GM:2a:2fJ (□) models. (D) Titration of 
GM-CSF (0 to 7 (iM) spiked with 32 P-labeled SGMKIN against a mixture of 3.5 \lM 
sGMRa and 3.5 piM spc. Reaction mixes were allowed to reach equilibrium at 25°C 
for at least 2 hours before being fractionated by size-exclusion chromatography. The 
distribution of radioactivity among ternary (•) and binary (O) complexes was 
determined and the radioactivity in each complex was expressed as a percentage of 
total bound counts where counts in TC plus counts in BC is 1 00%. 

presence of s(3c in the ternary complex induces a measurable 
degree of affinity conversion. 

GM-CSF binds spc in the absence of sGMRa 

Initial chromatography experiments at approximately equimolar concen- 
trations indicated that GM-CSF was unable to form a complex with spc 
in the absence of sGMRa. However, close inspection of the elution 
profile of radiolabeled GM-CSF in the presence of free spc (Figure 6B) 
revealed a modest decrease in the elution time of GM-CSF suggestive of 
a weak interaction between spc and GM-CSF. To investigate this further 
and to determine the specificity of this interaction, we titrated s£c 
against GM-CSF or the E2 1 R analog (Figure 7). Titration of spc against 
GM-CSF had a dose-dependent effect on GM-CSF peak height with a 
concomitant spreading of the GM-CSF profile to earlier elution times 
(Figure 7 A). Titration of spc against E21R had no effect on E21R 
elution time or profile (Figure 7B). These results show that GM-CSF 
directly interacts with spc through the functionally important Glu21 
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Figure 7. GM-CSF binds directly to pc. Purified spc was titrated (0 to 20 u.M) 
against 5 ^M GM-CSF (A) or 5 ^M E21R (B). Reaction mixes were set up with 0 
(dashed black), 1 jiM (thin black), 2.5 ^M (medium gray), 5 p.M (medium black), 10 
u,M (thick gray), or 20 ^M (thick black) spc, incubated at 25°C for 2 hours, and 
fractionated by size-exclusion chromatography. 



S0C ♦ ♦ ♦ - ♦ - ♦ - 4- 4- + S 0c 

GM-CSF ♦ - - + - - - ♦ + + GM-CSF 

E21R + + ♦ - - + - BION-1 Fttb 

BS* - - «■ ♦ ♦ ♦ + - ♦ - - ♦ 2H1 Fab 



A B C 

Mi i r— ~~ 1 ^ r— 



67 
43 




*P» mm 


431 


^ *** **3» 

m» *** $jg 


■94 ^ 

4 J 


30 






30 


Wm HS^ mm 


JO 


20.1 
14,4 


«p m 


.: 4jhp Mfp 


■ 20.1 
> 14u4 




-20.1 
-14.4 



Figure 8. Discrete regions In GM-CSF and pc mediate their direct interaction. 

Purified spc was incubated at 25°C for 1 hour alone or in the presence of either 
GM-CSF or E21R. Samples were left untreated (A) or were treated for 10 minutes 
with BS 3 cross-linker (B). To determine if GM-CSF was interacting with the 
cytokine-binding site in the fourth domain of pc, purified spc was preincubated with a 
Fab fragment of the neutralizing anti-pc mAb, BION-1 , or the nonneutralizing control 
anti-pc mAb, 2H1 . GM-CSF was then allowed to bind and the mixture and individual 
mAb treated with BS 3 cross-linker (C). Samples were analyzed on 12.5% (A) or 10% 
(B-C) SDS-PAGE gels and stained with Coomassie. The positions of molecular 
weight markers are shown in kilodaltons, and the position of spc cross-linked to 
GM-CSF is indicated by < 

residue and that substitution of this residue makes a qualitative 
difference to the GMRa-independent recognition of Pc by GM-CSF. 

A second approach confirmed the direct interaction of GM-CSF with 
Pc and extended these findings to the identification of the reciprocal 
region in Pc. We incubated purified spc with a 3-fold molar excess of 
GM-CSF or E21R, treated with the BS 3 cross-linker and analyzed the 
mixture by SDS-PAGE under reducing conditions (Figure 8). No 
covalent interactions between spc and GM-CSF or E2 1 R were observed 
in the absence of cross-linker (Figure 8A). GM-CSF and E2 1 R were not 
dimerized by cross-linker under the conditions used, whereas the spc 
dimer was partially cross-linked, yielding a band of MW 100 kDa 
(Figure 8B). Significantly, when GM-CSF was incubated with spc and 
cross-linked, a unique band of MW 70 kDa was observed (Figure 8B). 
Western blotting with anti-Pc or anti-GM-CSF antibodies showed that 
this band contains both spc and GM-CSF (data not shown). E2 1 R could 
not be cross-linked directly to spc as seen by the absence of the 70 kDa 
band (Figure 8B), thus confirming that Glu2l of GM-CSF is necessary 
for direct contact with pc. Neither the structurally related cytokine 
human growth hormone nor sGMRot was able to be cross- 1 inked to sPc 
under these conditions (data not shown). 

To determine if the interaction between sPc and GM-CSF was 
occurring through a functionally relevant region of Pc we used 
BION-l, a mAb that blocks GM-CSF, IL-3, and IL-5 binding and 
signaling through Pc. 24 BION-l recognizes a discrete region in the 
fourth domain of pc associated with high-affinity GM-CSF binding 
and function. 20 — 36 Preincubation of sPc with BION-I Fab frag- 
ment prevented GM-CSF from being cross-linked to spc, as seen 
by the absence of the 70-kDa band (Figure 8C). The Fab fragment 
of a mAb that binds to the fourth domain of Pc but does not block 
cytokine binding was unable to perturb the cross-linking of sPc to 
GM-CSF (Figure 8C). 



Discussion 

We report here the first demonstration of a fully assembled 
GM-CSF/GM-CSF receptor ternary complex in solution and 
describe the molecular interactions required for its formation. It is 
shown that the ternary complex exhibits a novel mode of cytokine 
receptor assembly that comprises 1 molecule of GM-CSF and I 
molecule of GM-CSF receptor a chain interacting monovalently 
with a noncovalently linked dimer of pc. In addition, a direct 
interaction between GM-CSF and Pc in the absence of the receptor 
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a chain could be demonstrated. The recruitment of pc as a preformed 
dimer may facilitate receptor activation and may also represent a 
mechanism utilized by the related IL-3 and IL-5 receptors. The 
GM-CSF ternary complex was demonstrated by gel filtration and 
sedimentation equilibrium analyses to have a molecular weight of 
between 1 35 kDa and 1 56 kDa, consistent with a GM-CSF/sGMRo/spc 
stoichiometry of 1:1:2. In addition, the relative distribution of radiola- 
beled GM-CSF fitted a ternary complex with a 1 : 1 :2 stoichiometry. The 
preferential distribution of radiolabeled GM-CSF into the ternary 
complex is indicative of spc-mediated, affinity conversion. No disulfide 
linkages between receptor subunits were observed; there were no 
differences seen when the ternary complex was analyzed by SDS-PAGE 
under either reducing or nonreducing conditions or when the free 
cysteine groups in s(k were blocked with iodoacetamide (data not 
shown). These results are consistent with previous reports suggesting 
that GM-CSF receptor heterodimerization is required to activate the 
GM-CSF receptor, 25 the dimeric nature of Pc observed both on the cell 
surface and in solution, 26 - 28 30 the affinity conversion afforded by pc, 15,20 
and the requirement of at least a pc dimer for function and activation of 
downstream signaling molecules, 28 - 29 The intermediate binding affinity 
for GM-CSF in the ternary complex is consistent with a report 
describing the low-affinity binding of murine GM-CSF to detergent- 
solubilized GM-CSF receptors extracted from a murine cell line. 37 In 
addition, these results do not rule out the formation of higher-order 
complexes on the cell surface, 2738 which may lead to further affinity 
.conversion and disulfide linkage required for receptor stabilization, 
activation, or internalization purposes. The assembly of the human 
GM-CSF receptor shown here is different from that seen for the IL-6 39 
and LIF 40 receptors, which exhibit a stoichiometry of 2:2:2 and 1:1:1, 
respectively. Interestingly, the dynamics of the GM-CSF receptor 
assembly are analogous to the IL-6 receptor in that following the 
binding of ligand to the major binding subunit (a chain) there is 
recruitment of the signaling subunit (Pc or gp!30). However, although 
dimerization of gp!30 requires a second IL-67IL-6Ra chain binary 
complex, this is not the case with pc, which is recruited to a single 
GM-CSF/sGMRa binary complex as a preformed dimer. Despite the 
dimeric nature of spc and even in the presence of a 2-fold molar excess 
of the GM-CSF/sGMRa binary complex, we saw no evidence for the 
formation of a ternary complex with a stoichiometry of 2:2:2. The 
functional monovalency of spc may be due to conformational changes 
within the spc dimer, induced by the binding of one GM-CSF/sGMRa 
binary complex that prevents the binding of a second binary complex. 

The recruitment of spc to the GM-CSF/sGMRa binary complex 
occurs through functionally relevant sites in GM-CSF and Pc itself. This 
is demonstrated by the inability of the GM-CSF analog E2 1 R to form 
the ternary complex and by the inhibition of spc cross-linking to 
GM-CSF by the anti-Pc mAb BION-1, which blocks the high-affinity 
binding of GM-CSF. 24 Given that there is an homologous glutamic acid 
in IL-3 (position 22) and in IL-5 (position 13) and the fact that BION-I 
also blocks high-affinity binding of IL-3 and IL-5, it is possible that this 
mode of receptor assembly will also apply to the IL-3 and IL-5 
receptors. The recruitment of dimerized Pc and associated JAK-2 
molecules may facilitate receptor phosphorylation and activation in this 
subfamily of receptors. Using a soluble receptor system we could detect 

References 



for the first time a direct interaction between GM-CSF and pc in the 
absence of the GM-CSF receptor a subunit. We observed this by gel 
filtration (Figure 7) and cross-linking studies (Figure 8). The interaction 
was sensitive to the E2 1 R substitution and the mAb BION- 1 , indicating 
that the direct interaction observed between GM-CSF and spc is 
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interaction for each cytokine may help to explain differences in 
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and the fact that GMRa intracellular domain has been previously shown 
to be crucial for GM-CSF signaling. 41 

In the IL-4 system, a high-affinity (K d =0.15 nM) interaction 
between IL-4 and the IL-4 receptor a chain 42 utilizes a chemically and 
structurally homologous mechanism, suggesting that the type of direct 
interaction we observed between GM-CSF and pc may be conserved 
among other cytokines. The direct interaction we detected between 
GM-CSF and spc also suggests that conformational changes in the 
GM-CSF/sGMRa binary complex may not be necessary for the 
recmitment of Pc. However, the monovalent binding of the GM-CSF/ 
sGMRa binary complex to sPc suggests the possibility of an induced 
conformational change within the extracellular domain of spc. Confor- 
mational changes in the cytoplasmic region of pc may be induced by the 
assembly of the ternary complex to promote Pc/JAK-2 proximity and 
receptor activation as shown for the erythropoietin receptor. 43 The 
assembly of the human GM-CSF receptor system in solution described 
herein also provides a useful tool for investigating its dynamics and 
structural requirements. The initial event in activation of the GM-CSF 
receptor is the binding of ligand to the GMRa with low affinity prior to 
recmitment of pc. The soluble system used here revealed a 1:1 
stoichiometry of binding between the sGMRa chain and GM-CSF with 
a K 6 equivalent to that seen with the full-length GMRa on the cell 
surface. We were able to show that E2 1 R, a GM-CSF analog defective 
in high-affinity binding and a specific GM-CSF antagonist currently in 
phase 2 clinical trials, also binds sGMRa with a 1:1 stoichiometry. 
Importantly, E2 1 R is incapable of forming a ternary receptor complex 
and when present in excess is able to prevent the formation of the ternary 
GM-CSF receptor complex, thus explaining its antagonistic activity. 
This set of experiments also demonstrates that the assembly of the 
GM-CSF receptor is a sequential process that involves first the 
formation of a binary complex. In structural terms it will be interesting to 
use single point mutants of Pc to examine the residues that participate in 
direct contact with GM-CSF or the GM-CSF receptor a chain. This may 
be also a useful system for the identification of small molecules that 
prevent the formation of the ternary complex. Finally, the assembly of 
the human GM-CSF ternary complex in solution should aid in its 
crystallization and ultimately in the solving of its structure. 
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Summary 

Th© receptors for IL-3, GM-CSF, and OL-S share a com- 
mon p subunit (pc), and mice have an additional IL-3 
p subunit (Pm). W© have Independently generated mile® 
carrying null mutations of each mol®cul®. pc mutant 
bone marrow showed no response to GM-CSF or IL-5, 
whereas IL-3 stimulation of pc or pen mutant bone mar- 
row was normal, pc mutant mice showed lung pathol- 
ogy consisting of lymphocytic Infiltration and areas 
resembling alveolar proteinosis, and also exhibited 
low basal numbeirs of eosinophils. Infection of pc mu- 
tant mice by Nlppostrongylus braslllensis resulted in 
the absence of blood and Dung eosinophil. Animals 
repopulat ®d with pc mutant bone marrow cells showed 
slower leukocyte recovery and reduced eosinophil 
numbers. These data define the role of pc In vivo, and 
show a phenotype that is likefly to be the cumulative 
effect of loss of GM-CSF and (IL-5 stimulation. 

Introduction 

Although interieukin-3 (IL-3), granulocyte-macrophage 
colony-stimulating factor (GM-CSF), and IL-5 show no sig- 
nificant amino acid sequence homology with each other, 
they exhibit a number of similarities. IL-3 stimulates the 
development of various lineages of hematopoietic ceils, 
at least in colony assays, by interacting with immature 
multipotential hematopoietic progenitors as well as with 
lineage-committed progenitors, and thus was originally re- 
ferred to as multicolony-stimulating factor (multi-CSF) 
(Arai et al, 1990). GM-CSF was originally defined as a 



factor that stimulates colony formation of granulocytes and 
macrophages, and has subsequently been shown to share 
many of the properties of IL-3 stimulation of cells (Metcalf , 
1991). While IL-5 was cloned as a B cell differentiation 
factor in mice (Kinashi et al., 1986), it appears to have a 
role in the development of eosinophils in both mice and 
humans, an activity shared by IL-3 and GM-CSF (Takaisu 
et al. t 1988). These three cytokines are closely linked on 
human chromosome 5 and mouse chromosome 1 1 , and 
are produced by activated T cells and mast cells (Arai et 
al., 1990). They induce protein phosphorylation of similar 
proteins (Isfort and Ihle, 1990; Kanakura et al., 1990) and 
compete with each other in binding to their high affinity 
receptors (Lopez et al., 1 990; Taketazu et al. , 1 991 ; Lopez 
et al., 1991). Curiously, this cross-competition was ob- 
served only in human hematopoietic cells, but not in 
mouse cells. 

Molecular cloning of the receptor subunits has ex- 
plained at least some of these observations. The high affin- 
ity receptors for human IL-3, GM-CSF, and IL-5 are com- 
posed of two subunits, a and p (Hayashida et al., 1990; 
Kitamura et al., 1991 ; Tavernier et al., 1991). The a sub- 
units are specific for each cytokine and bind their ligand 
with low affinity. The human has only one type of P subunit 
(Pc), which has no binding capacity by itself but forms 
high affinity receptors for IL-3, GM-CSF, and IL-5 with their 
respective a subunits. 

In contrast with the human, the mouse has two homolo- 
gous p subunits, pc and Po, which were previously termed 
AIC2B and AIC2A, respectively (Itoh et al., 1990; Gorman 
et al., 1990). They are 56% identical to the human pc. 
Like the human pc, the mouse pc is the common p subunit 
for mouse IL-3, GM-CSF, and IL-5 receptors. Although p, u 
has an extensive sequence homology with mouse Pc (91 % 
identical at the amino acid level), p IU j does not form a high 
affinity receptor with the mouse IL-5 or mouse GM-CSF 
a receptors. p, L3 , originally cloned as a mouse IL-3-binding 
protein, binds mouse IL-3 with low affinity. When trans- 
fected into cells, both Pc and pi L3 interact equally well with 
the mouse IL-3 a subunit in the presence of IL-3 to form 
high affinity IL-3 receptors and to transmit a proliferation 
signal. (Hara and Miyajima, 1992). The genes encoding 
these two P subunits are closely linked on mouse chromo- 
some 1 5, and their exon-intron structures are almost iden- 
tical (Gorman et al., 1992). Thus, they are likely products 
of a gene duplication event after the divergence of mouse 
and human. Why the mouse has two p subunits remains 
to be explained. 

As many studies have examined the potential role of 
IL-3, GM-CSF, and IL-5 in hematopoietic development, 
as well as potential roles in infectious disease states and 
hematopoietic crises (Antman et al., 1986; Nemunaitis et 
al., 1988; Coff man et al., 1989), we reasoned that targeted 
disruption of the Pc and Pils receptor chain genes in the 
mouse would al low us to evaluate collectively the functions 
of the cytokines in vivo. In this report, we describe the 
production and characterization of mutant mice for pc and 
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Figure 1 . Targeting Strategy of 0c and po Genes 

(A) (a) Genomic structure and restriction maps of wild-type 0c and 0o genes. The upper part of the central horizontal line is for 0c and the lower 
part for 0 O . B indicates BamHI sites. The closed squares show the exons. (b) Targeting vectors used to disrupt 0c and 0«. The ne& gene was 
inserted into exon 4. TK indicates herpes simplex virus thymidine kinase, (c) Predicted structure of the disrupted alleles. The upper part shows 
0c and the lower part 0 O . Probe 0 was used for routine screening by Southern blot analysis. 

(B) Southern blot analysis of wild-type (+/+), heterozygous (+/-), homozygous (-/-) 0c mutant mice. Tail DNA was digested with BamHI and 
hybridized with probe 0. Note that the band from 0c gene disappeared in homozygous mutant mice, but the band from 0 U remained intact. 

(C) Southern blot analysis of wild-type (+/+), heterozygous (+/-), homozygous (-/-) 0^ mutant mice. Tall DNA was digested with BamHI and 
hybridized with probe D. Note that the band from 0 IL3 gene disappeared in homozygous mutant mice, but the band from 0c remained intact. 



piu- We examined intrinsic pathology of the mutants, cell 
lineage development in the mutant animals and in normal 
irradiated recipient animals receiving mutant bone mar- 
row, and the response of the mutant animals to parasitic 
infections. 

Results 

Generation of Mice Homozygous for pc 
and piu Mutations 

The genes encoding pc and piu were independently dis- 
rupted in E14.1 embryonic stem cells using conventional 
gene targeting techniques. A map of the pc and Po locus 
and their representative gene-targeting vectors is shown 
in Figure 1 A. In brief, the neomycin resistant gene (neC) 
was inserted into exon 4, which encodes the third and 
fourth cystein residues in the first repeat of the conserved 
motif of cytokine receptors. These constructs generate 
truncated molecules by introducing a stop codon and 
poly(A) addition signal. Alternative splicing from exon 3 to 
5 would cause a frame shift mutation. A targeted disruption 
of the pc gene yielded a 2.5 kb BamHI fragment as op- 
posed to a 5.0 kb wild-type fragment, flo disruption yielded 
a 2.5 kb fragment as opposed to an 1 1 .2 kb wild-type frag- 
ment (Figures 1 B and 1C). Although the coding sequence 
of these two genes is 95% homologous, no evidence for 
a pc construct recombining at the Po locus (or vice versa) 



was observed. Following injection of the homologous re* 
combinants into blastocysts, we obtained chimeras able 
to transmit the mutations through the germline from two 
independent clones, both for pc and Po. Heterozygous 
mice were intercrossed to obtain mice homozygous for 
the mutations (Figure 1B and 1C). Normal Mendelian seg- 
regation of the mutations was observed. Both pc and Piu 
mutants remained clinically healthy for 7 months of obser- 
vation, and were fertile. The results described below were 
consistent in the two lines of mice, both for pc and p 0 
mutations. 

To demonstrate that pc was disrupted, bone marrow 
cells from pc-deficient mice were stained with anti-pc-spe- 
cific antibody (Figure 2A). As expected, Pc was not de- 
tected. Staining of these same bone marrow cells with 
anti-PiL3-specific antibody showed that expression of Po 
was intact (data not shown). In the case of piu-deficient 
mice, the results from FACS analysis were equivocal due 
to the weak background staining of anti-p IL3 -specific anti- 
body. However, immunoblot analysis of bone marrow- 
derived mast cells showed no expression of Po protein 
(Figure 2B). FACS analysis showed that expression of pc 
was intact in p iL3 mutant mice (data not shown). 

Response of Mutant Cells to Cytokines 

To investigate the response of pc- or p iL3 -deficient cells 
to various cytokines, methyl cellulose colony-forming unit 
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Figure 2. FACS Analysis and Immunoprecipi- 
tation of pc and piu 

(A) FACS analysis of bone marrow celts from 
wild-type (+/+) and ^deficient (-/-) mice. 
Bone marrow cells were stained with either 
anti-ec-specffic antibody or isotype control. 

(B) Immunoblot analysis of bone marrow- 
derived mast cells. Bone marrow-derived mast 
cells from wild-type (+/+) or pu-defteient mice 
(-/-) were lysed and immunoprecipitated with 
ant^Hj-speciflc antibody or isotype control, and 
blotted with anti-ftu-specific antibody. MC/9 
cells were used as positive control. 
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(CFU) assays were performed using bone marrow cells 
(Table 1). pc-deficient ceils did not respond to GM-CSF 
or IL-5, indicating that both GM-CSF and IL-5 receptors 
were disrupted functionally. However, pc-deficient cells 
did respond to IL-3 or IL-3 plus erythropoietin (EPO) nor- 
mally. Colony types in IL-3 or IL-3 plus EPO plates were 
enumerated and no variations were seen, which indicates 
that fka can transmit the IL-3 signal in the complete ab- 
sence of pc. Eosinophil colonies were also detected in IL-3 
or IL-3 plus EPO plates and were morphologically normal, 
suggesting that eosinophils were generated in vitro only 
by IL-3 in the absence of IL-5. 
In contrast, piurdeficient cells responded almost nor- 



mally to IL-3, GM-CSF, and IL-5. This result showed that 
pc and Pius were redundant in terms of IL-3 stimulation, 
as well as confirming that Po was not involved in the GM- 
CSF or IL-5 receptor system. 

Normal multilineage colonies were formed from both pc 
and Po mutant celts if a stimulus that is unrelated to the 
Pc and Po receptors, such as stem cell factor (SCF) was 
used. 

Bone marrow cells were cultured in liquid media con- 
taining IL-3. Both pc- and po-deficient cells proliferated 
normally, and mast cells were generated after 35 days of 
culture. These mast cells were not different from wild-type 
cells in terms of proliferation in the presence of IL-3 and 



Table 1 . Colony-Forming Unit Assay from Mutant Bone Marrow 





Control 


pc Mutant 


Control* 


Pius Mutant 


GM-CSF 


84.33 (12.58) 


0.00 (0.00) 


71.33 (7.51) 


71.00 (7.94) 


IL-5 


6.00 (2.65) 


0.00 (0.00) 


10.00(2.00) 


9.00 (3.00) 


IL-3 


89.33 (12.58) 


102.35 (18.90) 


79.67(12.01) 


85.33 (6.66) 


IL-3 plus EPO 


102.67 (11.93) 


93.00 (7.00) 


91.00 (1.73) 


90.67(4.51) 


SCF plus IL-6 plus EPO 


65.67 (1.15) 


66.33 (2.89) 


56.00 (4.36) 


67.00 (6.00) 


EPO 


1.67 (0.58) 


0.67(1.15) 


4.33 (2.52) 


4.67 (0.58) 



Methyl cellulose colony assay to bone marrow cells from the mutant mice. Cells (2 x 10 4 ) were plated in each plate containing the cytokines 
indicated, and the total number of colonies was counted. Cells (4 x 10 4 ) were plated for IL-5 stimulation. Each type of stimulation was performed 
in triplicate and the mean ( ± standard deviation) is presented. 

* The experiments for pc and pu were performed independently, using their respective normal littermate controls. Three Independent experiments 
were performed for both pc and 0n. a , and consistent results were obtained. 




Figure 3. Pathologic Analysis of pc Mutant Lung Tissue 

(A) Pulmonary tissue from the 10-week-old control mouse (84.6 x). Inset, 338.4 x . 

(B) Pulmonary tissue from the 10-week-old pc mutant mouse. Note that peribronchovascular lymphocytic infiltration was seen along the two major 
bronchi and beneath the pleura next to the edematous alveoli with eosinophilic proteinous material (84.6 x). inset, an edematous area beneath 
the pleura with macrophages and necrotic cellular debris (338.4 x). 

<C) Pulmonary tissue from the 27-week-old Pc mutant mouse. Foamy macrophages were seen in atveoli (338.4 x). Inset acellular PAS-posttive 
proteinous material was observed in atveoli (338.4 x ). 
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Figure 4. Eosinophils in fte-Deficient Mice 

The percentage of eosinophils in the peripheral blood was examined 
over a 10 week period. The data represent the mean (± standard 
deviation) of eight mice in each group. Control, open circles; 0c mutant, 
closed circles. 



the staining patterns of granules (Wright-Giemsa, alcian 
blue, and safranin). There was no difference in connective 
tissue-type mast cells recovered from peritonea) washes, 
with respect to their frequency, proliferation in IL-3 plus 
IL-4, or staining patterns (data not shown). 

HioHologteal Characterisation of Pulmonary DIoqegg 
On pc-DoflclQirrt MIcq 

Pathologic examination of (to-deficient mice showed 
anomalous lung development, but no abnormalities were 
seen in frurdeficient mice. Two seemingly separate find- 
ings were consistent in all (to-deficient animals: a focal 
but scattered intraalveolar proteinous substance and peri- 
bronchovascular lymphocytic infiltration of the tissue. 
Lungs from 0c mutant mice were examined at 10 and 27 
weeks of age to follow potential progression of the pa- 
thology. 

The alveolar spaces of all (to mutants contained focal but 
scattered eosinophilic proteinous material with necrotic 
cellular debris and macrophages (Figure 3B), in clear con- 
trast with control mice (Figure 3A). This pathology was 
often found beneath the pleura. Few inflammatory cells, 
such as neutrophils and lymphocytes, were observed di- 
rectly in the focal lesions, suggesting that this disorder 
was not a secondary response to infections. In support of 
this, extensive pathogen screening revealed no bacterial, 
fungal, or viral infections in these animals (data not 
shown). Both 10- and 27-week-old mice showed intraal- 
veolar material and this material was periodic acid Schiff s 
reaction (PAS) positive. In the older mice, the PAS-positive 
material was acellular (Figure 3C, inset). These findings 
resembled alveolar proteinosis (Rosen et aL, 1958). 

A second prominent finding in the lungs of (to mutants 



was peribronchovascular lymphocytic infiltration, and this 
infiltration was similar in mutant mice at both 10 and 27 
weeks of age (Figure 3B). The infiltration was also detected 
in areas where no proteinosis was present, indicating that 
the infiltration was a primary event resulting from the 3c 
mutation and not necessarily secondary to the proteinosis. 
In support of this, the infiltration was also seen in heterozy- 
gous mutant mice, to a milder extent and with no pro- 
teinosis (data not shown). 

Additionally, there were many foamy macrophages in 
the alveoli of the 27-week-old mice (Figure 3C). In some 
cases, these cells contained PAS-positive material, sug- 
gesting that they could not degrade the ingested material 
(data not shown). 

The findings of alveolar proteinosis-like disease and the 
lymphocytic infiltration are similar to the phenotype of GM- 
CSF-deficient mice (Dranoff et al., 1994; Stanley et aL, 
1994). 

pc-Doflcl®irrt MiCQ Had Impaired Eosinophil 
DovQloparont and Lacked Eosinophil 
Kooponooo So ParaolftQo 

Examination of peripheral blood and bone marrow cells 
from 0c- and Piuj-deficient mice revealed that the 0c mu- 
tants lacked normal numbers of eosinophils. Total periph- 
eral leukocyte counts, differential counts (except for eosin- 
ophils), hemoglobin, and platelet counts were normal in 
both mutant mice. Bone marrow, spleen, and peritoneal 
coltulartties were also normal (data not shown). 

The percentage of eosinophils in the peripheral blood 
was examined from (to-deficient mice over a 10 week pe- 
riod and was significantly lower than that of wild-type mice 
(Figure 4). The few eosinophils found in pc mutants were 
morphologically normal. 

Challenge to the immune system by parasitic organ- 
isms, such as Nippostrongylus brasiliensis, is character- 
ized by marked eosinophil and Immunoglobulin E (IgE) 
production with well-defined kinetics (Urban et al., 1992). 
N. brasiliensis typically induces blood eosinophil detect- 
able at 7 days postinfection and subsiding by 21 days, as 
well as inducing lung granulomatous lesions composed 
of eosinophils, granulocytes, monocytes, and other cell 
types. As the (to-deficient mice exhibited low circulating 
numbers of eosinophils, we examined eosinophil re- 
sponse to N. brasiliensis in pc and p 0 mutant mice. Ani- 
mals were infected with 500 third-stage N. brasiliensis lar- 
vae and bled over a 3 week period to determine peripheral 
eosinophil counts. No eosinophil response was detected 
in the peripheral blood of fto mutant mice, whereas the 
response of (3i L 3-def icient mice was not significantly differ- 
ent from that of the wild-type mice (Figure 5 A). These data 
indicate that (to is not only essential for normal develop- 
ment of eosinophils but also for mounting a strong eosino- 
phil response. The increase in serum IgE levels, another 
characteristic response to parasites, was similar in all 
three groups of animals (Figure 5B). 

Lung tissue from both control and fto mutant mice in- 
fected with N. brasiliensis was examined. The lungs from 
control mice showed peribronchoalveolar lymphocytic in- 
filtration and scattered granulomatous lesions with promi- 
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Figure 5. Response to Parasite Challenge 
(A) Mice (11 weeks old) were infected with 500 third-stage N. bra* 
sinensis larvae, and the absolute number of peripheral eosinophils 
was counted. The data represent the mean ( ± standard deviation) of 
5 mice in each group. 

(8) Serum igE before and after the challenge of N. brasiliensis. In 
each group, 7 mice were analyzed from the same experiment as Fig- 
ure 5A. 



nent eosinophil infiltration and macrophages 1 4 days after 
infection (Figure 6A). However, the lungs from pc mutants 
showed severe edematous fluid accumulation and diffuse 
infiltration of mononuclear cells and neutrophils not only 
in peribronchial areas but also in most of the pulmonary 
airspace. There were no granulomatous lesions in the 
specimens and no eosinophils were detected (Figure 6B). 

The lungs from control mice showed only remnant infec- 
tious lesions, where some scattered mononuclear cells 
were seen mixed with fibrous remnant tissue, 21 days after 
infection (Figure 6C). In contrast, there seemed to be a 
possible prolongation of inflammatory process in the lung 
tissue from pc mutants. Interestingly, some small granulo- 
matous lesions were formed and they contained a small 
number of eosinophils (Figure 6D). These results sug- 
gested that the other signals, possibly IL-3 interacting 
through the Po receptor, recruited eosinophils to a much 
lesser extent and at much slower kinetics. 



f&oroQ Marrow Colic SfoowQd Slowor KlnoUCca of 
LoutocyttQ ftQpapuftsftlon and Lsctaa Normal 
Eosinophil D©v©8o(pflnentt 

To evaluate further the intrinsic nature of the cellular de- 
fects in pc mutant animals, pc-deficient bone marrow was 
transferred into normal but irradiated recipient animals. 
To facilitate this transfer, we used 129/J(Ly5.1) x C57BL/ 
SJL (Ly5.2) F1 recipient animals. The use of the F1 recipi- 
ent animals allowed us to overcome graft-versus-host re- 
action from the 1 29 x C57BL/6 F2 mutant animals (Ly5. 1 ), 
and to mark genetically the donor versus recipient repopu- 
lation. Bone marrow from three pc mutant animals was 
separately transferred into between 5 and 9 irradiated re- 
cipient animals. All recipient animals survived the hemato- 
poietic crisis and repopulation and, to date, have shown 
no signs of graft-versus-host reaction. FACS analysis of 
recipient animals confirmed greater than 90% repopula- 
tion of donor cells (data not shown). The kinetics of leuko- 
cyte repopulation are shown in Figure 7A. pc mutant bone 
marrow consistently showed slightly slower repopulation 
in all recipient animals from multiple independent donors. 
However, spleen colony-forming unit(CFU-S) assays were 
performed, using control or pc mutant donor bone marrow. 
Day 8 and day 12 CFU-S were similar for both groups of 
animals (data not shown). These data indicate that the 
earliest donor-derived repopulating cells in the spleen are 
not dependent on signals through pc, but that the contin- 
ued and efficient repopulation of cells to normal numbers 
in the peripheral blood is enhanced by stimulation through 
the pc receptor. As most repopulating cells were shown 
to be donor derived, differential smears were then evalu- 
ated to distinguish cell types during leukocyte recovery. 
Figure 7B shows that, by 5 weeks posttransfer, recipient 
animals had low recovery of eosinophils, similar to the 
reduced number of eosinophils in unmanipulated Pc mu- 
tants. At 12 weeks posttransfer, peripheral donor-derived 
cells (Ly5. 1 + , Ly5.2") were purified from any residual recipi- 
ent cells (Ly5. 1 \ LyS.2 4 ) by cell sorting and the percentage 
of eosinophils in cytospun preparations were counted. The 
donor-derived eosinophil percentage in the animals 
grafted with Pc mutant cells was 0.20% ± 0.20% (n = 
3), significantly lower than that in the controls ( 2.23% ± 
0.55%, n = 3). Thus, the lack of proper eosinophil devel- 
opment is clearly an autonomous defect for this cell lin- 
eage, owing to the absence of functional pc. Mutant bone 
marrow recipient animals have shown no obvious signs 
of pulmonary disease. This may be due to inefficient repop- 
ulation of hematopoietic lineages in the lung, or in contrast, 
may be due to other nonhematopoietic cell types in the 
lung that may be involved in the development of the pulmo- 
nary disease state. 

Dflocusston 

The receptors for IL-3, GM-CSF, and IL-5 share a common 
p subunit (pc), which explains many similar biological ac- 
tivities common to the three ligands. Mice have an addi- 
tional P chain that is specific for IL-3 (p, u ), but is not present 
in humans. To evaluate the roles of pc and p tL3 in vivo, and 
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the potential redundancies between them, we generated 
mice carrying null mutations for either of the two subunits. 

The genes for 0c and fru reside on mouse chromosome 
15 and are within 250 kb of each other (Gorman et ah, 
1992). The coding sequence of the two genes is 95% ho- 
mologous, and restriction mapping indicates extensive ho- 
mology in intron sequence as well. In this regard, it is 
interesting that neither targeting vector recombined with 
the other homologous gene, implying that strict conserva- 
tion of sequence is necessary for optimal homologous re- 
combination frequencies. 

0c mutant cells were examined by methyl cellulose CFU 
assays and showed that GM-CSF and IL-5 receptors were 
functionally disrupted, reconfirming that 0c is the common 
and the only 0 chain for both receptors. In contrast, the 
number and the types of colonies generated from 0c mu- 
tant cells by IL-3 (functioning through the 0, L3 receptor sub- 
unit) were not significantly different from those of the con- 
trols, indicating that 0 ru could transmit the IL-3 signal in 
the absence of 0c. We also showed that 0 o -deficient cells 
responded almost normally to IL-3. These results indicated 
that 0c and 0O were redundant in terms of IL-3 stimulation. 
This redundancy was also confirmed in the proliferation of 
bone marrow cells in liquid culture, bone marrow-derived 
mast cells and connective tissue-type mast cells. As 0c 
and 0il3 share only IL-3 as a ligand but not GM-CSF or 
IL-5, the phenotypes we described in 0c-deficient animals 
are likely to be the cumulative effects of these two latter 
cytokines. The correlation of these defects to GM-CSF 
and IL-5 indicate that other uncharacterized cytokines 
probably do not interact through the 0c receptor. Con- 
versely, if such cytokines do exist and interact through the 
0c receptor, the associated phenotype of that individual 
cytokine must be minimal. 

0c mutant mice exhibited lung abnormalities, including 
proteinous material in the alveolar spaces and peribron- 
chovascular lymphocytic infiltration. Portions of this pa- 
thology resembled alveolar proteinosis. This lung disorder 
typically involves surfactant accumulation in alveoli and 
can also be influenced by infectious agents in the lung 
(Rosen et al. , 1 956). These findings were probably attribut- 
able to the loss of activity of GM-CSF, because this pheno- 
type was very similar to that of GM-CSF-deficient mice 
(Dranoff et al., 1994; Stanley et al., 1994). GM-CSF is 
produced by many cell types present in the lungs, such as 
bronchial epithelial cells, macrophages, endothelial cells, 
and fibroblasts (Smith et al., 1990; Thorens et al., 1987; 
Seelentagetal., 1987; Zucaliet al., 1987). Alveolar macro- 
phages are responsive to GM-CSF (Bilyk and Holt, 1993), 
and may play a role in lung homeostasis by clearing surfac- 
tant and other debris from alveolar spaces (Wright and 
Dobbs, 1991). It is possible that alveolar macrophages 
could not function normally without GM-CSF, which led 
to the accumulation of material in the alveoli. In this sense, 
it was interesting that there were many alveolar macro- 
phages that contained PAS-positive material in the 27- 
week-old 0c mutants. This suggests that phagocytosis was 
occurring but subsequent degradation of this material may 
not have occurred effectively. Transfer of 0c mutant bone 
marrow cells has not resulted in obvious lung pathology 



in recipient animals. This may be due either to the involve- 
ment of nonhematopoietic cells in the disease, or to ineffi- 
cient repopulation in lung tissue by hematopoietic cells. 

The etiology of the peribronchovascular lymphocytic in- 
filtration is not known. This pathology was also found in 
GM-CSF-deficient mice (Dranoff et al., 1994; Stanley et 
al., 1994), in which both B and T cells (B220 + , CD4\ and 
CD8+ cells) accumulated. It has been reported that alveo- 
lar macrophages inhibited proliferation of lymphocytes, 
and that lymphocyte infiltration around blood vessels was 
observed after treatment of mice with liposomes con- 
taining a drug cytotoxic for alveolar macrophages and sub- 
sequent immunization (Bilyk and Holt, 1993; Thepen et 
al. , 1 989). One interpretation is that alveolar macrophages 
play a role in down-regulating lymphocytic infiltration. As 
suggested by Dranoff et al. (1994), the continual exposure 
of lungs to inhaled antigens may require a dampening of 
inappropriate immune responses, and this process may 
be regulated by GM-CSF signals through the 0c receptor 
on alveolar macrophages. 

Routine and extensive screening of mutant and control 
animals revealed the absence of specific pathogens. Com- 
parisons of the severity of lung pathology between the 0c 
mutants described here and GM-CSF-deficient mice may 
be as reflective of animal room conditions as genetic pre- 
disposition. Nevertheless, the basic observations between 
these mice are in good agreement, and suggest the possi- 
ble clinical use of GM-CSF for some types of lung disease. 

Eosinophilia is observed in a variety of clinical settings, 
such as parasite infections, asthma, allergic respiratory 
disease, hypereosinophilic syndrome, and eosinophilia- 
myalgia syndrome. IL-3, GM-CSF, and IL-5 have been 
shown to stimulate eosinophils in vitro. Unlike IL-3 and 
GM-CSF, IL-5 appears to affect the more mature eosino- 
phil lineage (Yamaguchi et al., 1988a, 1988b). 

The lower number of basal level peripheral eosinophils 
in 0c-deficlent mice could be attributed to the lack of IL-5 
signaling, as this phenotype was not observed in GM-CSF- 
deficient mice. This leads to the suggestion that IL-5 is 
important for maintaining basal levels of eosinophils in 
steady-state hematopoiesis, perhaps produced from acti- 
vated T celts. Although eosinophils were greatly reduced 
in 0c mutants, the few remaining eosinophils were mor- 
phologically normal. The in vitro CFU assays indicated 
that IL-3 stimulation could produce eosinophils from 0c 
mutant cells. Collectively, these data indicate that factors 
other than IL-5 may be capable of generating eosinophils 
to some extent, but that IL-5 is of primary importance 
in vivo. 

N. brasiliensis is a nematode parasite that has been 
widely used as a model in studying host immunity. The 
third-stage larvae of N. brasiliensis typically infect an ani- 
mal by penetration through the skin, followed by migration 
to the lungs. Numerous studies have shown that the nor- 
mal response to N. brasiliensis is driven by a Th2 cell 
response: that is, strong production of IL-4 and IL-5. The 
resulting immune response includes blood and tissue eo- 
sinophilia and IgE production (for review see Urban et al., 
1992). 

The fact that 0c mutants lacked eosinophilia in response 
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Figure 7. Bone Marrow Transfer 

(A) The total number of peripheral leukocytes after bone marrow trans- 
plantation. The data represent the mean ( ± standard deviation) of 5 
mice in each group. Open circles indicate animals grafted with control 
donor cells and closed circles indicate animals grafted with 0c mutant 
donor cells. Three independent donors were used both for controls 
and £c mutants, and consistent results were obtained. 



to parasitic infections indicated that the signal through 
(3c, probably IL-5, was indispensable for evoking a normal 
immune response. Blood analysis from parasite-infected 
pc mutants, followed to 21 days postinfection, showed no 
detectable eosinophilic Similar to the conclusions from 
the blood data, pc mutant lung tissue at day 14 postinfec- 
tion showed no eosinophils. These observations were con- 
sistent with a study using an anti-IL-5 antibody (Coffman et 
al., 1989). However, in contrast with the anti-IL-5 antibody 
study, these lungs showed signs of severe edematous 
fluid accumulation and massive infiltration of mononuclear 
ceils and neutrophils without any granulomatous lesions, 
whereas clearly defined granulomatous lesions were 
formed in the controls. This additional pathologic condition 
may have been related to the preexisting lung pathology 
in the mutant animals, or due to the lacK of the response 
to GM-CSF during the parasitic infection. Interestingly, at 
day 21 postinfection, the Pc mutants showed small granu- 
lomatous lesions with a disproportionately low number of 
eosinophils, whereas control animals had resolved the 
lung response at this timepoint. These data indicate that 
other signals, possibly IL-3 interacting through Po, could 
recruit eosinophils to a much lesser extent and at much 
slower kinetics. The normal increase in serum IgE levels 
during the parasite response was consistent with other 
reports indicating that IgE was controlled by IL-4 (Finkel- 
manetal., 1988; Kuhnetal., 1991). Therefore, IL-4 produc- 
tion must be normal during the parasite challenge, indicat- 
ing that the overall Th2 response is not likely to be affected 
in the pc mutant animals. As G M-CSF has been implicated 
in dendritic cell differentiation and function (Inaba et al., 
1992), it will be worthwhile to isolate this cell type and 
test them functionally despite the fact the IgE response 
induced by N. brasiliensis implies functional antigen pre- 
sentation. Despite the abnormalities described above, pc 
mutants survived the infections. The strain of N. bra- 
siliensis used in this study was adapted to rats and, thus, 
the parasites did not adhere to the intestinal walls of mice. 
This study, therefore, did not address the parasite burden. 

The bone marrow transfer experiment showed that pc 
mutant cells could not repopulate let h ally irradiated recipi- 
ents as efficiently as the wild-type cells. Although unmani- 



(B) The percentage of peripheral eosinophils after bone marrow trans- 
plantation. The same mice from (A) were evaluated, and are repre- 
sented as in (A). 



Figure 6. Lung Pathology in Response to N. brasiliensis Challenge 

(A) Pulmonary tissue from the control mouse 14 days after infection of N. brasiliensis. Note the prominent peribronchoalveolar lymphocytic infiltration 
and scattered granulomatous lesions (85.5 x). Inset, prominent eosinophil infiltration and macrophages in granulomatous lesions (342 x). 

(B) Pulmonary tissue from the pc mutant mouse 14 days after infection of N. brasiliensis. Note the infiltration of inflammatory cells was not only 
in the peribronchial areas but also in most of the pulmonary airspace (65.5 x ). Lower magnification (Inset) showed an infiltration of inflammatory 
cells in the entire pulmonary lobe (28.5 x ). There were no granulomatous lesions in the specimen. 

(C) Pulmonary tissue from the control mouse 21 days after infection of N. brasiliensis. There were remnant infectious lesions where some mononuclear 
cells were seen (85.5 x). 

(D) Pulmonary tissue from the pc mutant mouse 21 days after infection of N. brasiliensis. Low magnification showed prolongation of inflammatory 
process with some small granulomatous lesions (85.5 x ). Inset, higher magnification of the granulomatous lesions where infiltration of eosinophils 
was occasionally observed (342 x ). 
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pulat©d pc mutant mice had normal leukocyte counts, ex- 
cept for eosinophils, signals through pc increased the 
kinetics of recovery during a hematopoietic crisis. How- 
ever, animals repopulated with pc mutant cells did not 
show an increase in mortality under our experimental con- 
ditions and eventually regained leukocyte counts compa- 
rable to animals repopulated by normal bone marrow. This 
is consistent with the therapeutic use of G M-CSF to enhance 
leukocyte recovery postchemotherapy, bone marrow trans- 
plantation, or both (Antman et al. f 1988; Nemunaitis et al. , 
1 988). The percentage of peripheral eosinophils was also 
reduced in the animals grafted with pc-deficient deficient 
cells, and confirms the autonomous requirement for Pc 
signaling on this cell type. 

IL-5 is an IgA-enhancing factor (Bond et al., 1987). 
Steady-state levels of serum IgA were examined in Pc mu- 
tant mice and found to be normal, as were IgM and IgGl 
levels (data not shown). Additionally, peritoneal Ly-1 (CD5) 
B cells, which were reported to express functional IL-5 
receptor complexes (Hitoshi et al., 1990) (Wetzel, 1989), 
were present In close to normal numbers. A tendency to- 
ward fewer of these cells was observed in pc mutants 
but, due to animal to animal variation, was not statistically 
significant (data not shown). 

To address the role of the entire IL-3/GM-CSF/IL-5 sys- 
tem, it would be necessary to generate mice lacking both 
Pc and p (L3 . This necessitates a double mutation in embry- 
onic stem cells, because these two genes are closely 
linked on chromosome 15, making intercrossing the two 
mutant mice impractical. 

The description of pc-deficient mice presented here sug- 
gests that these animals will be useful models for other 
studies of infectious diseases and recovery from hemato- 
poietic crisis. Owing to the complexities of cytokine bind- 
ing to common receptor molecules, comparisons of mu- 
tant mice for both cytokines and their receptors will 
ultimately allow for a full understanding of these molecules 
in vivo. 

Experimental Procedures 

Concretion of end fru-Dofiriont Mlco 
pc and 3iu genomic DNA were cloned from a C578L/6N genomic 
library (Gorman et al., 1 992). The targeting vectors for pc and Pu were 
constructed by incorporating a 5.8 kb Smal-Smal fragment and a 8.3 
kb BglM-Fspl fragment, respectively, which contain exon 2 to exon 6, 
into a vector that contained the neomycirwesistant (neoQ gene (PMC1- 
neo poly(A)*) and a herpes simplex virus thymidine kinase (HSV-tk) 
in tandem. The 5' genomic fragment upstream of a Sacl site in exon 4 
was subcloned into an Xhol site 5' of neC gene, and the 3' downstream 
fragment was cloned into a Bam HI site 3' of ne& gene, resulting in 
an insertion of near gone in the same transcriptional direction as that 
of pc and p u - The constructs were linealized by Clal and used to 
electroporate E14.1 cells. The cells were plated on mitomycin 
C-treated primary embryonic fibroblasts, and clones resistant to G418 
(350 ng/ml) and gancyctovir (GANC) (2 nM) were screened by polymer- 
ase chain reaction (PGR) and Southern blot analysis. Pools of 8 clones 
were analyzed by PCR, using a 5' primer in the coding region of the 
neo r gene and a 3' primer in exon 6 downstream of 3' homology. 5' 
primer: GCGTTGGCTACCCGTGATAT: 3' primer: GGTCTCCCAGA- 
CAAGCTTGAACC. For Southern blot analysis, the genomic DNA from 
the PCR-positive clones was digested with BamHI, electrophoresed 
through 0.7% agarose gels, transferred to nylon membranes (Hybond 
N\ Amersham), and hybridized to a radioactive probe. The probe used 



to screen the samples was a Hindlll-BamHI 600 bp fragment of Pu 
downstream of 3' homology (probe D). The samples were also digested 
with EcoRI, Hindi II, or Bglll and hybridized with the other three probes 
(probes A, B, and C). A probe corresponding to the neo* sequence 
(probe B) was used to verify that only one copy of the vector was 
integrated into the genome. Of 1034 clones, 25 were correctly targeted 
for pc, and 12 out of 471 were targeted for p u . Recipient blastocysts 
were from C57BL/6N mice. Chimeric animals were bred with C57BL/ 
6N females. All mutant animals studied were of the F2 generation. 

FACS Anolyolo and Immunoproclpfcrtlon 
Antl-pc-specific monoclonal antibody (gift from Dr. S. Yonehara) and 
9D3, an anti-po-specific monoclonal antibody, were used for FACS 
analysis (Ogorochl et al., 1992). Both recognized the extracellular do- 
main of pc and Pu, respectively. 

Monoclonal antibody 3D1 , which recognized the second extracellu- 
lar repeat of conserved cytokine receptor motif of pu, was used for 
immunopreclpitatlon (Ogorochl et al., 1992). Affinity-purified rabbit an- 
tibody, which recognized the amlno-terminal 15 aa of p, u but not of 
pc, was used for immunobtottlng (Mui et al., 1 992). Rat lgG2 was used 
as an isotype control. 

Immunoprecipitation and Western blotting were performed as de- 
scribed previously (Mui et al., 1992). In brief, 1 x 10 7 bone marrow- 
derived mast cells were lysed and incubated with 10 ug of 3D1 or 
isotype control for 2 hr at 4°C. followed by incubation with anti-rat IgG 
agarose beads for 1 hr at 4°C. The samples were electrophoresed 
on 10% SDS-polyacryiamide gels and transferred to Immobilon-P 
membrane (Mlllipore). The blot was incubated with affinity-purified ami- 
Piu rabbit antibody and subsequently with horseradish peroxydase- 
conjugated anti-rabbit antibody. The development was performed by 
the enhanced chemiluminescence detection system (Amersham). 

Hematological Anotyolo 

Total leukocyte, hemoglobin, and platelet estimates were performed 
on tail-bled samples using a System 901 0 CP blood analyzer (Serono). 
Manual 500-cell leukocyte differential counts were performed on 
Wright-Giemsa-stained smears. Methyl cellulose colony assays were 
performed as described (Nakahata and Ogawa, 1 982). The cells were 
stimulated by the following recombinant growth factors: murine IL-3 
(10 ng/ml), murine GM-CSF (1 0 ng/ml), murine IL-5 (1 00 ng/ml), human 
erythropoietin (2 U/ml), human IL-6 (100 ng/ml), and mouse stem cell 
factor (100 ng/ml). 

Infection of W. brooJItonolo 

Mice (1 1 weeks old) were infected subcutaneously with 500 third-stage 
N. brasi I iensis larvae, as described (Urban et al., 1 992). Animals were 
bled from the tail vein on the days indicated, and the eosinophils were 
counted by multiplying their percentage in smears by the total number 
of leukocytes. The data represent the mean (± standard deviation) 
eosinophil counts per cubic millimeter in groups of 5 mice. Serum 
IgE was determined by an IgE-speclfic enzyme-linked Immunosorbent 
assay (Coffman and Carty, 1986). 

Bono Morrow Transplantation 

Bone marrow cells (1 x 10°) were Injected intravenously into lethally 
irradiated (1300 rads) recipients. Bone marrow from three pc mutant 
animals and from three control animals was separately transferred 
into between 5 and 9 irradiated recipient animals. 129/J (Ly 5.1) x 
C67BUSJL (Ly 5.2) F1 were used as hosts. The cells of hosts express 
Ly 5. 1 and Ly 5.2, while donor cells express only Ly 5. 1 . FACS analysis 
of transplanted animals confirmed repoputatlon of donor cells. Cell 
sorting experiments were performed on a FACstar Plus (Becton Dickin- 
son) and gave 99% purity of the sorted populations. 

CRJ-S Acooy 

Bone marrow cells were injected intravenously into lethally irradiated 
(1100 rads) C57BL/6N recipients. Cells (10 s ) and 5 x 10 4 cells were 
used for day 8 CFU-S and day 12 CFU-S, respectively. 

Pathological Examination 

Mice were fixed with 3% formaldehyde, and visceral organs were pro- 
cessed for paraffin-embedded sectioning at 5 urn in thickness, followed 
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by double staining with hematoxylin and eosin. Complete serial sec- 
tioning was made for pulmonary tissues to ensure the degree and 
spread of each pulmonary lesion, and every third section was stained 
with PAS reaction to evaluate the possible deposition of mucopolysac- 
charides. 
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of the antagonistic monoclonal antibody, 
BION-1. This is the first single antagonist 
of all 3 known eosinophil-producing cyto- 
kines, and it is therefore capable of 
regulating eosinophil-related diseases 
such as asthma. The structure reveals a 
fibronectin type HI domain, and the an- 
tagonist-binding site involves major con- 
tributions from the loop between the B 
and C strands and overlaps the cytokine- 
binding site. Furthermore, tyrosine 421 
(Tyr 421 ), a key residue involved in receptor 
activation, lies in the neighboring loop 
between the F and G strands, although it 
is not immediately adjacent to the cyto- 
kine-binding residues in the B-C loop. 



Interestingly, functional experiments us- 
ing receptors mutated across these loops 
demonstrate that they are cooperatively 
involved in full receptor activation. The 
experiments, however, reveal subtle differ- 
ences between the B-C loop and Tyr 421 , 
which is suggestive of distinct functional 
roles. The elucidation of the structure of 
the ligand-binding domain of p c also 
suggests how different cytokines recog- 
nize a single receptor subunit, which may 
have implications for homologous recep- 
tor systems. (Blood. 2000;95:2491-2498) 
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Heterodimeric cytokine receptors gener- 
ally consist of a major cytokine-binding 
subunit and a signaling subunit. The 
latter can transduce signals by more than 
1 cytokine, as exemplified by the granulo- 
cyte-macrophage colony-stimulating fac- 
tor (GM-CSF), interleukin-2 (IL-2), and IL-6 
receptor systems. However, often the 
signaling subunits in isolation are unable 
to bind cytokines, a fact that has made it 
more difficult to obtain structural defini- 
tion of their ligand-binding sites. This 
report details the crystal structure of the 
ligand-binding domain of the GM-CSF/IL- 
3/IL-5 receptor fi-chain (p c ) signaling 
subunit in complex with the Fab fragment 

Introduction 

Cytokine receptors exist largely as homodimers or heterodimers. 13 
Homodimeric receptors, of which the human growth hormone 
receptor (GH) is the prototype, bind to a single cytokine that 
bridges 2 identical subunits and causes receptor activation. 2 In 
contrast, heterodimeric receptors comprise 2 or 3 subunits that 
subserve distinct and specialized functions: a major ligand-binding 
subunit (the a subunit) and a signaling subunit (the P or 7 subunit). 
Importantly, a signaling subunit is able to recognize several 
cytokines complexed to the appropriate ct-chain and to transduce 
their signals. This is exemplified by the common (3-chain (P c ) of the 
granulocyte- macrophage colony-stimulating factor (GM-CSF), in- 
terleukin-3 (IL-3), and IL-5 receptors; the common IL-2 receptor 
7-chain (shared by the IL-2, IL-4, IL-7, IL-9, and IL-15 receptors); 
and gpl30 (shared by the receptors for IL-6, IL-ll, Leukemia 
Inhibitory Factor (LIF), ciliary neurotrophic factor, oncostatin M, 
and cardiotrophin). 



The GM-CSF, IL-3, and IL-5 receptors are the only receptors 
known to transduce signals leading to eosinophil production and, 
significantly, the corresponding cytokines can be found concomi- 
tantly at elevated levels in lungs affected by allergic inflammation. 
The simultaneous elevation of the GM-CSF, IL-3, and IL-5 
receptors may increase eosinophil numbers, contribute to the 
overall degree of eosinophil activation, cause the different phases 
of eosinophil infiltration, and determine a localized versus a 
generalized eosinophil-mediated inflammation. 4 ' 6 This may be 
particularly important in the pathology of certain diseases, such as 
asthma, where the eosinophil plays a major effector role. Thus, an 
antagonist directed against p c would simultaneously inhibit the 
function of all 3 eosinophilopoietic cytokines and may prove a 
useful therapeutic agent. 

The extracellular part of p c comprises 2 pairs of a conserved 
cytokine receptor module (CRM), 3 a membrane-spanning region, 
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and a cytoplasmic domain. Each CRM comprises 2 domains of a 
fibronectin type III structure with features especially conserved 
among cytokine receptors. 3 Although (3 C does not bind cytokines by 
itself, its coexpression with the a-chains enhances the affinity of 
cytokine binding, a process termed affinity conversion. Extensive 
mutational analysis has localized the affinity-converting (cytokine- 
binding) region to residues in the fourth extracellular domain 
(D4p c ) and has shown that this domain and in particular the 
residues Tyr 365 , His 367 , lie 368 , and Tyr 421 within it are crucial for 
receptor activation. 7 " 9 

A major problem in seeking structural data of the binding site of 
a communal subunit complexed to cytokines is that, unlike 
homodimeric receptors or isolated a-chains of heterodimeric 
receptors that can bind directly to cytokines, communal subunits 
often cannot bind to cytokines by themselves. We therefore used an 
antagonistic monoclonal antibody (mAb), BION-1, which we have 
shown to reciprocally inhibit cytokine binding to p c ,( \ to form a 
complex for crystallographic studies. BION-1, which was raised 
against D4p c , has been shown to inhibit the high-affinity binding of 
GM-CSF, IL-3, and IL-5 to human eosinophils and their production 
and functional activation in vitro. 10 Within p c , residues Glu 366 , 
Arg 418 , and Met 363 or Arg 364 were found to be required for binding 
BION-1. 10 

BION-1 thus represents the first common antagonist of the 
GM-CSF, IL-3, and IL-5 receptors, and it is a unique tool with 
which to explore the cytokine-binding site in the common 0 C . Here 
we report the crystal structure of the activation domain of the 
GM-CSF/IL-3/IL-5 receptor signaling subunit bound to the mAb 
antagonist, BION-1. The structure provides a molecular basis for 
understanding ligand recognition and receptor assembly. Further- 
more, the structure of the complex provides leads for the design of 
novel therapeutics against allergic diseases. 



Materials and methods 

Crystallization and data collection 

D4f3 c (residues 338-438 with an additional amino-terrninal Met) was 
expressed using the pEC6 1 1 vector in Escherichia coli and purified by 
reverse-phase high-performance liquid chromatography (HPLC). The ex- 
pressed protein was insoluble, but it could be recovered from the bacteria by 
dissolution in 6 mol/L guanidine hydrochloride and 50 mmol/L sodium 
acetate buffer (pH 4.0). After HPLC the protein was dialyzed exhaustively 
against 5 mmol/L 2-[N-morpholino]ethanesulfonic acid (MES) buffer (pH 
6.0). The BION- 1 mAb was raised against D4(5 C , ,() and Fab fragments were 
generated and purified by standard methods. The complex was produced by 
mixing BION-1 Fab and D4(5 C to give a 1 : 1 (mol/mol) complex, which was 
purified on a gel filtration column (Superdex 75; Amersham Pharmacia, 
Little Chalfont, England). 

Crystals of the complex were grown by the hanging-drop vapor 
diffusion method at 22°C. We mixed 2-uL droplets of protein solution 
(protein concentration of 5-7 mg/mL) with 1 .5 uL of the reservoir solution. 
The solution was then equilibrated against a 1-mL reservoir consisting of 
100 mmol/L citrate buffer (pH 5.5) containing 12% (wt/vol) polyethylene 
glycol 4000. The crystals reached maximum size of approximately 0.6 
mm X 0.2 mm X 0.2 mm over 10 days. The crystals belonged to space 
group P4, 2|2 and had the following cell dimensions: a and /; were 7.76 nm, 
and c was 29.49 nm. The crystals were micromanipulated, washed several 
times in reservoir buffer, and dissolved in sodium dodecyl sulfate-N- 
tris[hydroxymethyl]methylglycine (SDS-Tricine) sample buffer. Polyacryl- 
amide gel electrophoresis (PAGE) was performed to confirm that the 
crystals were of the intact complex. The crystals proved to be sensitive to 
radiation, and hence, cryocooling was essential. However, they were 
fragile, and an array of commonly used cryoprotectants caused disordering 
of the crystals. A 



flash-freezing protocol was finally established. This involved soaking the 
crystals in 5% (vol/vol) increments of 2-methyl-2,4-pentanediol for 2 
minutes to a final concentration of 15% (vol/vol). 

A native data set was initially collected in-house on an imaging plate 
area detector (MARResearch, marUSA, Evanston, IL) with Cu Kol x-rays 
generated by a rotating anode generator (Rigaku RU-200, Molecular 
Structure Corp., The Woodlands, TX). A better native data set was 
subsequently collected from a single crystal frozen to -273°C using 
synchrotron radiation (BioCARS beamline, 14-BM-C; Advanced Photon 
Source, Chicago, IL). The diffraction data were processed and analyzed 
using DENZO and SCALEPACK 11 and programs in the CCP4 suite 12 
(Table 1). 

Structure determination 

The crystal structure was solved by molecular replacement using AmoRe 14 
and the in-house native data set. Nonredundant Fab fragments were 
downloaded from the protein databank (PDB) and systematically tested as 
molecular replacement search probes. The second search probe tested, a 
mouse Fab fragment with PDB identifier 1YEC, 15 proved successful. The 
1 0th peak in the rotation function (peak height of 3.3 a) produced the 
highest peak in the translation function (with a correlation coefficient of 
27.9 and an /?f ac ti»r of 54. 1 % compared with the next highest peak, which had 
a correlation coefficient of 17.3 and an /? factor of 57.5%). The statistics 
indicated that P4 t 2|2 was the correct enantiomorphic space group. Rigid 
body refinement of the initial solution lead to a model with a correlation 
coefficient of 28.7 and an R fMXOr of 49.9% (resolution range, 1 .0-0.45 nm). 
Further refinement, in which the Fab domains were treated as separate rigid 
bodies, resulted in further improvement of the statistics (an /? factor of 46. 1% 
and a drop of R fKC from 50.9% to 43.8%). Maps calculated from this 
solution yielded readily interpretable density for D4(3 C . 

The model of the complex was then built with the help of skeletonized 
maps using the program O 16 and refined using the maximum likelihood 
target in the program package CNS. 17 The refinement was completed with 
the synchrotron native data set (Table 1 ). In the final stages a bulk solvent 
correction and restrained individual isotropic B- factors were applied. The 
quality of the final map was very good, with no breaks in the main-chain 
connectivity, and the real space fit 16 of residues into the map never fell 
below 0.7. The final model comprises residues 338-438 for D4p c ; all 
residues for the Fab fragment; 124 solvent molecules; and 1 carbo- 
hydrate unit, an N-acetylglucosamine unit off the BION-1 residue Asn 26L . 

The choice of solvent molecules was conservative. The molecules were 
only accepted if they appeared as peaks, with a signal of more than 3 times 

Table 1 . Crystallographic analysis 



Temperature of collection (°C) 
Resolution limit (nm) 
Observations 
Unique reflections 
Completeness (%) 



Data collection 

173 
0.28 
58 732 
21 211 
88.1 



Multiplicity 
IAt, 

No. of data > 2<r, (%) 

*Rmerge (%) 



2.8 
11.4 
66.2 

9.8 



Refinement statistics 



Resolution range (nm) 

tractor (%) 

tflU<%) 



Atoms in model 
Protein (non hydrogen) 
Water 

Carbohydrate 



oo - 0.28 
22.8 
28.8 



4146 
124 
14 



SD from ideality 
Bond lengths (nm) 0.0010 
Bond angles (°) 1 .55 

lmpropers(°) 0.95 

Dihedrals (°) 27.1 



Residues in most favored regions 13 of Ramachandran plot (%) 80 
Residues in additionally allowed regions 13 of Ramachandran plot (%) 1 9 

Emerge indicates // - {/}|/|(/)| , where l f is the intensity for the r* measure- 
ment of an equivalent reflection, with indices h, k, and /. 

tractor indicates 100(2 |j F 0 | - | F c \\fZ \ F 0 \) using all data except 6%, which were 
used for the Ri K6 calculation. 
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Figure 1 . Structure of D4p c . (A) Structure of the Fab receptor D40 c complex shown 
in ribbon representation. The mAb light chain is shown in cyan blue, the heavy chain 
in blue, and the receptor in yellow. The major structural features of D4p c are labeled, 
and the locations of key residues are denoted by stick representation. These pictures 
were produced using the Molscript 20 and Raster3D 21 programs. (B) Structure as for 
(A) but reoriented 90° about the vertical axis. (C) Surface representation of the 
receptor using the program GRASP. 22 The green surface indicates the location of 
hydrophobic-aromatic patch H1 . The molecule is tilted approximately 20° counterclock- 
wise relative to (A). (D) View of hydrophobic-aromatic patch H2 prepared as for (C). 
The molecule is tilted approximately 20° clockwise and rotated approximately 60° 
clockwise from above, about a vertical axis relative to (B). 

the SD error in difference maps; reappeared in subsequent 2F 0 -F C maps; 
took part in at least 1 hydrogen-bonding interaction; and had temperature 
factors of less than 0.8 nm 2 . The stereochemical quality of the final model is 
good (Table I ), and other stereochemical parameters, such as side-chain chi 
angle values, peptide bond planarity, alpha-carbon tetrahedral distortions, 
and nonbonded interactions, are all significantly better than the ranges 
allowed according to the program PROCHECK. 13 The correctness of the 
tracing is supported by residue omit maps in which 10% of the model was 
deleted, a round of simulated annealing was performed to reduce bias, and 
the resultant map was examined in the region of omission. The tracing is 
also supported by 3D- 1 D scores that never fall below 0.2, which indicates 
that there are no residues in chemically unreasonable environments. 18 

Functional studies 

Human Embryonal Kidney 293T (HEK293T) cells were grown in RPMI- 
1640 (GIBCO Laboratories, Glen Waverly, Vic, Australia) containing 10% 
fetal calf serum (FCS) and were cotransfected with expression constructs 
encoding IL-3 receptor a-chain, (ic, and Janus kinase (JAK-2) using a 
calcium-phosphate precipitation procedure. Briefly, 1.4 X 10 6 cells were 
plated onto 6-cm plastic tissue culture dishes the day before transfection 
and left to adhere overnight. Four hours after a medium change, 10 ug DNA 
was added in the form of a calcium phosphate precipitate, which was left on 
the cells for a further 4 hours. The expression constructs used per 
transfection were 6 ug wild-type or mutant (} c complementary DNA 
(cDNA) cloned into pcDNAl (Invitrogen, Groningen, The Netherlands), 3 



ug IL-3 receptor a-chain cDNA in pCDM8, and 1 ug JAK-2 in pRcCMV 
(Invitrogen). The cells were then released from the plates, replated in flasks, 
and incubated for a further 40 hours before use in an activation assay. On 
the day of the functional experiment, the cells were released and washed in 
cold phosphate-buffered saline (PBS) and subsequently stimulated with 
IL-3 at the concentration specified for 5 minutes on ice. Lysates were 
prepared, precleared and immunoprecipitation was carried out with an 
anti-p c mAb, 8E4, essentially as described previously. 19 After extensive 
washing, immunoprecipitates were separated on a 7.5% SDS-PAGE gel 
under reducing conditions, transferred to nitrocellulose, and immunoblotted 
with antiphosphotyrosine antibody, PY20 (Transduction Laboratories, 
Lexington, KY). The blot was developed by enhanced chemiluminescence 
(ECL) (Amersham, Pharmacia) and then stripped and reprobed with anti-p c 
antibody I CI to control the amount of (J c present. 

Epitope mapping 

African green monkey COS cells were maintained in RPMI with 10% FCS 
and transfected with 10 ug of wild-type or mutant (3 C expression construct 
by electroporation essentially as described previously. 8 The cells were 
washed in PBS and lysed as detailed elsewhere 19 48 hours after transfec- 
tion. Lysates were run on a 7.5% SDS-PAGE under reducing conditions, 
and immunoblotting was carried out after electro-blot transfer using either 




C-term 



Figure 2. View of the Trp/Arg "ladder." Structure of the D4p c shown in ribbon 
representation with the side chains of the Trp/Arg stack shown as ball and stick. The 
molecular graphics were produced using the Molscript 20 and Raster3D 21 programs. 
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the antagonistic mAb, B ION- 1, or anti-(S c mAb, 101 , at 1 |jg/mL. This was 
followed by the addition of antimouse Ig coupled to horseradish peroxidase 
(Pierce, Rockford, IL). Blots were developed by ECL (Amersham) following 
manufacturer's instructions. 



Results 

Crystal structure of the GM-CSF/IL-3/IL-5 receptor p c activation 
domain 

We expressed D4p c in E coli and purified it to homogeneity by 
reverse-phase HPLC. BION-1 mAb was digested with ficin to 
generate Fab fragments that were purified by chromatography on 
protein A sepharose. Titration of D4p c and the BION-1 Fab 
produced a stoichiometric 1:1 complex that subsequently formed 
crystals. These crystals diffracted well enough to allow a full 
crystallographic structure determination to proceed. 

We determined the structure of the BION-l/D4p c complex to a 
resolution limit of 0.28 nm. The structure showed that the D4p c 
molecule has a compact globular shape with overall dimensions of 
4.5 nm X 2.5 nm X 2.0 nm (Figure 1). The amino-terminus and 
carboxy-terminus represent the sites of attachment for the remain- 
der of the extracellular region and the membrane-spanning domain, 
respectively. The molecule adopts the topology of a fibronectin 
type III module with 2 antiparallel p-sheets (42% sheet) packing 
against each other via a multitude of hydrophobic interactions 
including 2 clusters of aromatic residues Trp 434 , Tyr 354 , and Tyr 376 ; 
Trp 358 , Phe 372 , and His 370 ). Sheet A consists of 3 beta-strands: 
strand A is comprised of residues 344-350, B of residues 353-359, 
and E of residues 396-398. Sheet B consists of 4 strands: strand C is 
comprised of residues 369-378, D of residues 389-392, F of 
residues 406-417, and G of residues 432-436). The longest strand, 
F, almost spans the entire length of the molecule. 

The amino acid sequence motif WSXWS (tryptophan-serine- 
any residue-tryptophan-serine) is a characteristic feature of many 
cytokine receptors. WSXWS is located between F and G strands 
and adopts a double P-bulge structure (Figure 2) with the trypto- 
phan side chains interdigitated between the arginine side chains 
from the adjacent F strand. In D4p c , this ladder of alternating basic 
and aromatic residues is extended and consists of the following side 
chain: Arg 415 -Trp 425 -Arg 4,3 -Trp 42S -Arg 4ll -Trp 3 « 3 -Arg 377 -Trp 4(W - 
Arg 407 . There is a "sidestep" in the ladder at Arg 377 -Trp 409 . This 
9-rung ladder, measuring 2.9 nm long with rungs of about 0.5 nm 
wide, represents the only significant electropositive patch on the 
surface of the molecule. 

There are 2 large hydrophobic patches on the surface of D4p c : 
HI and H2. The first, HI, forms part of a lip at the end of a 
pronounced groove on the surface of the molecule (Figure IC). 
This patch is made up of residues He 338 , Met 340 , Ala 341 , Pro 342 , 
Met 361 , Tyr 365 , the aliphatic moiety of Lys 362 , He 368 , and Tyr 421 . The 
groove is located at the N-terminal end of the molecule, where one 
wall is formed by the B-C loop and part of the F-G loop, and the 
other wall is formed by the N-terminus (residues 338-342) (Figure 
IC). The second hydrophobic patch, H2, located on the opposite 
face to the first, is a dense strip of hydrophobic residues located at 
one edge of the p-sandwich defined by the D and E strands. It 
measures 2.7 nm X 0.6 nm (Figure 1 D). 

Of the interstrand loops, only the B-C and F-G loops protrude 
significantly from the body of the protein; both have been 
implicated in cytokine binding. 3 7 9 The B-C loop adopts significant 
regular structure with residues 365-368, forming a type 1 p-turn 
(Figure 1 A). Significant features of the B-C loop of D4p c include 



residues Tyr 365 and His 367 , both of which project out into the 
solution (Figure 1 A, B). The F-G loop adopts a type I' P-turn at its 
tip, and the most significant features in this region are Arg 418 
and Tyr 421 , both of which project away from the body of D4p c 
(Figure I A, B). 

Functional roles of the B-C loop and Tyr 421 

Although the stmcture of D4p c revealed that Tyr 421 is in close 
proximity to the 3 residues in the B-C loop involved in cytokine 
binding (Tyr 365 , His 367 , and He 368 ), the side chain is oriented away 
from these, possibly reflecting different functional roles. Previous 
experiments 9 suggested that high-affinity binding of IL-3 was 
sensitive to mutation of Tyr 421 but not to replacement of individual 
residues in the B-C loop. 8 We examined whether a multiple 
mutation in the B-C loop of the residues implicated in binding 
GM-CSF and IL-5 would affect IL-3 high-affinity binding. The 
results showed that alanine substitution of residues 365-368 in the 
B-C loop abrogated high-affinity binding of both GM-CSF and 
IL-3 (Figure 3A). We next examined phosphorylation of cytoplas- 
mic tyrosine residues, as this is a very sensitive measure of 
recruitment of p c to a ligand/a-chain complex. Some analogs of p c 
are unable to affinity-convert due to the affinity of the a-p complex 
for cytokine being less than or equal to that of the a-chain alone. 
These same analogs may nevertheless exhibit differences in 
tyrosine phosphorylation (see "Discussion"). We examined the 
effects of mutating the B-C loop or Tyr 421 , either separately or in 
combination, on the ability of p c to undergo tyrosine phosphoryla- 
tion in response to IL-3. We found that substitution of Tyr 421 had a 
pronounced effect, with high levels of tyrosine phosphorylation of 
p c being achieved only at 3 umol/L IL-3, a concentration about 
500-fold higher than that required by the native receptor (6 
nmol/L). In contrast, mutation of the B-C loop alone did not impair 
IL-3-induced phosphorylation of p c at the high concentration used. 
Nevertheless, a role for the B-C loop in p c activation was 
demonstrated by a combined mutant of the B-C loop and Tyr 421 
(Figure 3B), which abrogated IL-3-induced tyrosine phosphoryla- 
tion of p c . 

Antagonist interactions with the 0 C activation domain 

A detailed analysis of the staicture of the BION-1 /D4p c complex 
confirmed and extended the observations that BION-1 appeared to 
form extensive and intimate interactions with the receptor activa- 
tion domain (Figure 1A, B and Figure 4). The total surface area 
buried on complex formation is 15 nm 2 , which is in the range 
reported for other antibody-protein antigen complexes. 24 In total, 
there are 2 salt bridges (Lys 362 /Asp L94 and Glu 366 /Lys H35 ), 8 potential 
hydrogen bonds, and 124 van der Waals (vdw) interactions (Table 
2). The B-C loop of D4p c is nestled in the shallow antigen-binding 
groove between the V H and V L domains, whereas the F-G loop 
forms a more peripheral interaction with complementarity determin- 
ing region one of the light chain (CDR LI) of BION-1 (Figure I A, 
B and Figure 4). The contact surface comprises 14 residues from 
BION-l, with 9 residues from V H and 5 residues from V L . The 
majority of contacts are roughly shared between 4 of the CDRs: 
CDR LI (I hydrogen bond and 29 vdw contacts); CDR L3 (1 salt 
bridge, 3 hydrogen bonds, and 28 vdw contacts); CDR HI (I salt 
bridge, 3 hydrogen bonds, and 36 vdw contacts); and CDR H3 ( 1 
hydrogen bond and 23 vdw contacts). In addition, CDR H2 
provides 8 vdw contacts, but CDR L2 makes no contacts with the 
receptor domain. 

In total, 6 residues from the B-C loop (between residues 
362-368) and 3 residues from the F-G loop (between residues 
416-422) of D4p c are involved in antibody interactions with those 



BLOOD, 15 APRIL 2000 • VOLUME 95, NUMBER 8 GM-CSF/IL-3/IL-5 RECEPTOR STRUCTURE 2495 




0 5E-11 1E-10 0 5E-11 1E-10 
GM-CSF bound (M) IL-3 bound (M) 



B 



365AAAA368 

Wt - p c 365AAAA368 Y421A + Y421A 



, , ^ 

^^P^^J I ^^^^ 

WB: anti-phosphotyrosine MoAb (PY20) 



* -J 



WB: anti-p c MoAb(1C1) 



Figure 3. Differential effects of mutating the B-C loop and/or Tyr 421 of the F-G 
loop In receptor activation. (A) Scatchard plot transformation of binding isotherms 
for 125 I-GM-CSF and ,25 l-IL-3 to cells transfected with wild-type p c (O) or 365^/^368 
mutant 0 C (•). (B) Western blot of wild-type and mutant p c after stimulation with 
various concentrations of IL-3. The blot was probed for phosphotyrosine (upper 
panel) and p c (lower panel). The double bands in each lane of the gels represent 
glycosylation variants of p c . 23 

from the B-C loop, accounting for 75% of the total. The B-C loop 
interacts with CDRs HI, H2, H3, LI, and L3, whereas the F-G loop 
interacts only with CDRs H3 and Li (Figure 4). There is one small 
cavity of 0.0099 nm 3 in the antibody-antigen interface. The cavity 
is lined by residues Tyr 365 , His 367 , and He 368 of the receptor and 
residues Val 27 , Tyr 28 , Phe 32 , and Asn 92 of the antibody light chain. 
Not all of the potential salt bridges and hydrogen bonds identified 
above are likely to contribute productively to complex formation 
because substitution analysis has only identified Glu 366 , Arg 418 , and 
Met 363 or Arg 364 in D4p c as contributing to the epitope for binding 
BION-l 1() (Table2). 



Discussion 

We describe here the structure of the activating domain of the 
common p c of the GM-CSF/IL-3/IL-5 receptors complexed with 




Figure 4. The BION-1/D4p c interface. D4p c is shown as a surface representation 
colored according to the functional effect of residue substitution. Blue represents 
residues whose substitution abrogates binding of BION-1 but does not affect 
affinity-conversion. Red represents residues whose substitution reduces affinity- 
conversion but does not affect binding of BION-1 . Yellow represents residues whose 
substitution does not affect binding of BION-1 or cytokines. Gray represents residues 
that have not been examined by mutation and do not contact BION-1 . The identities 
of key D4p c residues are shown in italics. Residues in BION-1 that contact D4p c are 
shown in stick representation and colored cyan blue (hydrophilic) or brown (hydropho- 
bic-aromatic). The backbone atoms of residues colored gray show the connectivity of 
the loops. 



the Fab fragment of the antagonistic mAb, BION-1. The structure 
shows general features typical of the cytokine receptor superfamily 
as well as unique features that reveal how a single receptor subunit 
can interact with 3 different cytokines. Functional analyses show 
the separate but cooperative interplay of the B-C loop and Tyr 421 in 
the F-G loop in receptor activation. 

A number of related (class 1) cytokine receptor structures are 
known: growth hormone receptor (GHR), 26 prolactin receptor 
(PRLR), 27 erythropoietin receptor (EPOR), 28 G-CSF receptor 
(G-CSFR), 29 gpl30, 3() and the IL-4 receptor a-chain (IL-4Ra- 




Figure 5. Comparison of D4p c with the membrane-proximal domain of GHR. 

D4p c and domain 2 of the subunit of the GHR, which interacts with the helix A/helix C 
face of GH, were aligned structurally via their core residues and are shown as surface 
representations using the program Insightll (MSI, San Diego, CA). The hydrophobic- 
aromatic patch, H2, of D4p c and the location of GHR that interacts with the opposing 
receptor molecule are indicated by green surfaces. The red surfaces of D4p c indicate 
the residues required for affinity-conversion, and the blue surfaces of GHR indicate 
the region known to interact with GH. 
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Table 2. Interactions between D4p c and BION-1 or cytokines 
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vdw contacts are p c with BION-1 or vice versa. The buried area (solvent exposure 
lost) on formation of the D40 C /BION-1 complex was calculated using dssp. 25 The 
polar interactions include salt bridges and hydrogen bonds and are based on the 
distance and geometric criteria of Kabsch and Sander. 25 The requirement for binding 
BION-1 10 and the requirement for affinity conversion 8 - 9 are based on mutations to 
alanine. ND indicates not determined. 



chain). 31 The pair- wise sequence identities between D4p c and these 
receptors, after structure-based alignment, range from 12% 
(G-CSF) to 27% (gpl30). There are only 7 residues (Pro 343 , Trp 358 , 
Leu 402 , Tyr 408 , Arg 413 , Gly 423 , and Ser 426 ) that are strictly conserved 
across the receptors; all appear to play structural roles. The 
structural importance of Trp 358 is highlighted by the observation 
that its substitution or the substitution of neighboring Tyr 356 by Asn 



abrogates affinity conversion by p c . 32 A structural superposition 
indicates that D4p c is most closely related to PRLR (0.16 nm 
studies on 88 Ca atoms, 20% sequence identity) followed by GHR 
(0. 19 nm on 81 Ca atoms, 23% sequence identity). The root mean 
square deviation of other receptors indicates that ( I ) the membrane- 
distal B-C loop of the second domain within a CRM is normally 
involved in cytokine-binding and (2) the neighboring F-G loop of 
this domain and the A-B and E-F loops of the first domain also 
make contributions to cytokine-binding. The B-C loop of D4|3 C , in 
particular Tyr 365 and His 367 , has been found to be involved in 
cytokine binding (Figure 3). 7 8 G-CSFR, GHR, PRLR, and lL-4Ra- 
chain have an aromatic residue in an equivalent position to Tyr 365 , 
whereas only the IL-4Ra-chain has an aromatic residue (tyrosine) 
similar to His 367 of p c . The IL-4Ra-chain is also the only receptor 
of known structure that has an aromatic residue (tyrosine) equiva- 
lent to Tyr 421 in the F-G loop. 

The most salient features of the D4p c crystal structure are the 2 
hydrophobic-aromatic patches and the distinct groove, which is 
formed in part by the B-C and F-G loops and hence located at the 
putative cytokine-binding site. The hydrophobic-aromatic surface 
patches, HI and H2 (Figure 1C, D), have corresponding features in 
most of the other receptors. With the exception of gp!30, all the 
receptors possess significant hydrophobic-aromatic patches equiva- 
lent to the location of H2 (centered about the D-E strand 
connection), although the degree and extent of hydrophobicity 
varies greatly. The corresponding H2 patch of GHR (Figure 5) 
forms part of the surface involved in subunit contacts. 26 This is 
suggestive of a role for the H2 of D40 c in association with 
a-chains, particularly the GMRa with which it associates spontane- 
ously. 23 The equivalent region to H 1 is conserved in all but gp 130. 
By analogy with the other receptors, the HI patch of D4p c might 
interact with the A-B loop from domain 3 of the intact receptor. The 
groove is only present in G-CSFR, whereas the N-terminal ends of 
the equivalent domains of EPOR and gp!30 are rather flat, and 
those of GHR and PRLR are mostly flat, with the exception of a 
tryptophan residue that protrudes into the solution. 

There are considerable amounts of mutagenesis data available 
that indicate which regions of the receptor and the cytokine interact 
with each other. In the cytokines there is an essential glutamate 
(Glu 21 of GM-CSF, Glu 22 of IL-3, and Glu 13 of IL-5) involved in 
binding to p c 33 " 35 The loops of domains 3 and 4 of p c have been the 
subject of extensive mutagenesis that has led to the following 
conclusions: (1) Tyr 365 , His 367 , and He 368 of the B-C loop are 
implicated in cytokine interaction, whereas mutations of other 
residues in this loop have little or no effect on binding. 78 
Substitution of any of these residues by alanine led to a loss of 
affinity-conversion of GM-CSF and IL-5 binding, 8 whereas the 
Phe 365 mutant retained affinity-conversion of GM-CSF binding. 7 
(2) The major residue in the F-G loop that has been implicated in 
binding 9 is Tyr 421 . (3) To date, there have been no residues in 
domain 3 implicated in binding. 3 

The crystal structure of D4p c provides a molecular explanation 
of how each cytokine, with less than 15% pair-wise sequence 
identity, can recognize the signaling subunit. The side-chains of the 
3 key residues in the B-C loop that interact with a cytokine, as 
identified by the mutagenesis studies, are seen to converge closely 
at their tips (Figure 1 A). Thus Tyr 365 , His 367 , and He 368 may play a 
pivotal role by promoting an interaction with the essential gluta- 
mate residue in all 3 cytokines. This may involve formation of a 
hydrogen bond between the glutamate residue and Tyr 365 or His 367 
or the cooperative formation of part of the cytokine-binding 
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surface. In this context it is worth noting that in the IL-4 receptor 
system, the homologous Tyr 127 is close to Glu 9 but does not form a 
hydrogen bond with it. 31 All other residues of the B-C loop are 
orientated in a different direction from the binding triad, which is 
consistent with their not taking part in binding cytokines. On the 
other hand, Tyr 421 in the neighboring F-G loop is positioned to 
contribute directly or indirectly to binding cytokines. Directly, 
through its hydroxyl group, Tyr 421 may form a hydrogen bond with 
the conserved glutamate. This would be akin to the known 
interaction of Tyr 183 in a homologous position in IL-4Ra-chain and 
Glu 9 of IL-4. 31 Indirectly, Tyr 421 may interact with the A-B loop of 
domain 3 of p c , as seen with Phe 205 of EPOR, 28 and thus support an 
appropriate orientation of this domain, or Tyr 421 may facilitate 
receptor assembly. Given that the active receptor probably has a 
stoichiometry of 2 a-chains : 2 p c : 2 ligands, Tyr 421 may directly 
interact with either a second p c subunit or a-chain subunit in the 
hexameric complex. 3 

The separate and combined mutagenesis of the B-C loop and 
Tyr 421 revealed that both sites are involved in high-affinity binding 
and receptor activation of all 3 cytokines, GM-CSF, IL-3, and IL-5, 
albeit in subtly different ways. The observation that the tetra- 
alanine substitution of the B-C loop abrogated IL-3 high-affinity 
binding (Figure 3A) is particularly interesting because single or 
paired alanine substitutions along this loop have marginal or no 
effect on IL-3 high-affinity binding. 8 The latter is in contrast to 
GM-CSF and IL-5, where substitution of either Tyr 365 , His 367 , or 
lie 368 completely eliminates high-affinity binding.™ Conversely, 
substitution of Tyr 421 , while abrogating high-affinity binding of all 
3 cytokines, has a profound effect on IL-3 receptor activation, as 
measured by phosphorylation of cytoplasmic tyrosine residues of 
Pc (Figure 3B), but a minor effect on the activation of the GM-CSF 
receptor. 9 These differences in receptor activation probably reflect 
the different abilities of mutated p c to be recruited to IL-3/IL-3Ra- 
chain complexes and suggest that, in the case of Y421A, the 
stability of the active IL-3/IL-3Ra-chain/p c complex is consider- 
ably lower than even that of an IL-3/IL-3Ra-chain complex. 

The combination of substitutions within the B-C loop and Tyr 421 
caused a complete loss of tyrosine-phosphorylation of p c . This 
suggests that even in the presence of concentrations of IL-3 that 
saturate the IL-3Ra-chain, p c is not recruited significantly (Figure 
3B). These functional observations in the context of the structure 
support the notion of a central cytokine-binding "hot spot" in 
D4p c , with a structural plasticity that allows it to accommodate 3 
cytokines of significant diversity as well as monomeric (GM-CSF 
and IL-3) and dimeric (IL-5) structure. In this model, GM-CSF 
may interact more closely with the B-C loop, while the orientation 



of IL-3 may be slightly different and more dependent on Tyr 421 for 
its interaction with p c . Comparison of the cytokine-binding surface 
of D4p c with the corresponding surface of GHR reveals substantial 
similarity in terms of the parts of the B-C and F-G loops involved 
(Figure 5), although the contributions to cytokine binding of these 
GHR residues have not been assessed by mutational analysis for 
this homodimeric receptor. The location of these cytokine-binding 
residues of p c relative to the hydrophobic patch, H2, which may 
interact with a-chains, is similar to the intermolecular contacts seen 
in the GHiGHR complex. 26 Ultimately, solving the structures of the 
GM-CSF and IL-3 receptor complexes may provide a definitive 
answer to the relative positioning of GM-CSF, IL-3, and their 
a-chains in respect to p c . 

The epitope of D4p c that interacts with cytokines, largely 
overlaps the surface that is recognized by BlON-1. Although 
several residues that are required for affinity-conversion (Tyr 365 and 
His 367 and others such as Lys 362 make intimate contact) with 
BION- 1, they are not required for binding of the mAb. Rather, a set 
of adjacent residues, including Met 363 or Arg 364 , Glu 366 and Arg 418 , 
provides the key determinant for binding BION- 1 (Figure 4). While 
the basis for the roles of these residues can be seen clearly from the 
structure, the absence of productive contributions to binding from 
other residues, especially Tyr 365 and His 367 , suggests that their 
corresponding contacts in BION-1 may be targets for mutagenesis. 
This may lead to improved forms of the mAb or derivatives of it, 
which may be higher affinity antagonists. Because BION-1 has 
been shown to inhibit the GM-CSF/IL-3/IL-5-induced prolifera- 
tion of eosinophils in vitro, 10 this highlights the possibility of 
developing single-molecule antagonists of several cytokines. This 
approach of targeting a common receptor subunit may also be 
extended to other receptor chains, such as the common subunit of 
the IL-4/ IL- 13 receptors, which mediates allergen-induced asthma 
induced by IL-4 and IL-13. 36 

Note added in proof: The coordinates have been deposited in the 
Research Col laboratory for Structural Bioinformatics Protein Data 
Bank, code IEGJ. 
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ABSTRACT Mke homozygous for a disrupted granulo- 
cyte/macrophage colony-stimulating factor (GM-CSF) gene 
develop normally and show no major perturbation of he- 
matopoiesis up to 12 weeks of age. While most GM-CSF- 
deficient mke are superficially healthy and fertile, all develop 
abnormal lungs. There is extensive peribronchovascular infil- 
tration with lymphocytes, predominantly B cells. Alveoli con- 
tain granular eosinophilic material and lamellar bodies, indic- 
ative of surfactant accumulation. There are numerous large 
intraalveoUr phagocytic macrophages. Some mke have sub- 
clinical lung infections involving bacterial or fungal organisms, 
occasionally with focal areas of acute purulent Inflammation or 
lobar pneumonia. Some features of this pathology resembk the 
human disorder alveolar proteinosis. These observations indi- 
cate that GM-CSF is not essential for the maintenance of 
normal levels of the major types of mature hematopoietic cells 
and their precursors in blood, marrow, and spleen. However, 
they implicate GM-CSF as essential for normal pulmonary 
physiology and resistance to local infection. 



Granulocyte/macrophage colony-stimulating factor (GM- 
CSF) is a hematopoietic growth factor that in vitro stimulates 
the survival, proliferation, differentiation, and function of 
myeloid cells and their precursors, particularly neutrophil 
and eosinophil granulocytes and monocyte/macrophages 
(for a review, see ref. 1). The in vivo effects of GM-CSF have 
been studied in murine models by injecting pharmacological 
doses of GM-CSF (2), by generating GM-CSF transgenic 
mice (3), and by reconstituting mice with marrow cells 
overproducing GM-CSF (4). These studies confirm the he- 
matopoietic activity of GM-CSF in vivo and suggest that 
excess levels may be implicated in some disease processes. 
However, the usual physiological role of GM-CSF is not well 
defined (1, 5). We sought to define the physiological role of 
GM-CSF by generating GM-CSF-deficient mice through tar- 
geted disruption of the GM-CSF gene in embryonic stem 
cells. While GM-CSF-deficient mice have no major pertur- 
bation of hematopoiesis, they do have abnormal lungs, im- 
plicating GM-CSF as essential for normal pulmonary phys- 
iology. 

MATERIALS AND METHODS 

GM-CSF Targeting Vector and Isolation of Targeted Em- 
bryonal Stem (ES) Cell Clones. The GM-CSF targeting vector 
(Fig. 1) contained, from 5' to 3' in pIC20H, 900 bp of the 
GM-CSF gene promoter (Rsa l-Sca I) (6, 7), the Escherichia 
coli lacZ gene, a 700-bp fragment of the human 0-globin gene 
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3' untranslated region and a poly(A) addition motif (£coRI- 
Acc I; gift of F. Grosveld, National Institute for Medical 
Research, London), the PGK-neo selectable marker (8), and 
approximately 10 kb of GM-CSF genomic sequence (7). The 
targeting vector was constructed to delete GM-CSF exons 1 
and 2 and intron 1 between Sea I and Sma I sites. The 
linearized vector was electroporated into 129/OLA-derived 
E14 ES cells (9). Individual G418-resistant colonies were 
cloned and screened by PCR. The PCR primers were as 
follows (Fig. 1): a, 5 -CCAGCCTCAGAGACCCAGG- 
TATCC-3'; b, 5'-GTTAGAGACGACTTCTACCTCTTC-3' ; 
and c, a M13 (-47) 24-mer sequencing primer (New England 
Biolabs ; no. 1224). In PCRs, primers a and b generate a 1.2-kb 
product from wild-type DNA, and a and c generate a 1.0-kb 
product from DNA containing a correctly integrated targeted 
construct. The reactant mixture for PCR (20 /il) contained 
approximately 250 ng of DNA, 67 mM TrisHCl (pH 8.8), 16.6 
fflM (NRO2SO4, 0.45% Triton X-100, 200 Mg of gelatin per ml, 
1.5 mM MgCh, 250 pM of each dNTP, 12.5 ng of each primer, 
and 1.5 units of Taq polymerase. After initial denaturation 
(95°C for 150 s), 40 amplification cycles were performed (95°C 
for 50 s, 60°C for 50 s, and 72°C for 60 s). For Southern blot 
analysis, Bgl II-digested tail DNA was probed with a radio- 
labeled DNA fragment corresponding to GM-CSF genomic 
sequences deleted from the targeting construct (probe A) and 
was reprobed with probe B (Fig. 1) corresponding to se- 
quences lying outside the targeting construct. 

Mke. Chimeras from two independent ES cell clones with 
a disrupted GM-CSF gene transmitted the mutation in mat- 
ings with C57BL/6 females. GM-CSF genotypic status was 
assessed by PCR analysis of tail DNA and is designated as 
follows: wild-type, GM+/+; heterozygous, GM+/-; and 
homozygous null, GM-/-. GM-/- mice were subse- 
quently bred from GM-/- x GM-/- matings; similarly, 
outbred 129/OLA x C57BL/6 GM+/+ control mice were 
bred from first- and second-generation GM+/+ littermates. 
Mice were kept in a conventional animal house. 

Spleen-Conditioned Media (SCM) and GM-CSF Assays. 
SCM were prepared (10) from splenocytes stimulated with 
concanavalin A (5 /ig/ml; Boehringer Mannheim) and inter- 
leukin 2 (IL-2; 100 units/ml; Amgen Biologicals). To assay 
immunoreactive GM-CSF, an ELISA was used with the 
anti-GM-CSF antibody MP1-22E9 and biotinylated MP1- 



Abbreviations; G-CSF, M-CSF, and GM-CSF, granulocyte, macro- 
phage, and granulocyte/macrophage colony-stimulating factors; 
SCM, spleen-conditioned media/medium; PAS, periodic actd/Schiff 
reagent (stain); IL-2, IL-3, and IL-6, interleukins 2, 3, and 6; SCF, 
stem cell factor; H&E, hematoxylin/eosin; ES cells, embryonal stem 
cells. 

t Present address: National Institute for Medical Research, The 
Ridgeway, Mill Hill, London, NW7 1AA, United Kingdom. 
HTo whom reprint requests should be addressed. 
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31G6 (PharMingen) with an avidin-biotinylated horseradish 
peroxidase (Dako) detection system (sensitivity, 50 pg/ml). 
To assay bioactive GM-CSF, the FDC-P1 proliferative re- 
sponse (pH]thymidine incorporation) was used with adjust- 
ment for interleukin 3 (IL-3) bioactivity on 32-D cells (11). 
The MP1-22E9 antibody was used to confirm specificity of 
putative GM-CSF bioactivity. Standards were recombinant 
murine GM-CSF (Schering-Plough) and IL-3 (10 7 units/mg; 
Boehringer Mannheim). 

Immunohistochemtetry and Electron Microscopy. Immuno- 
peroxidase staining of lung tissue was performed on 4- pan 
frozen sections with the following antibodies (and specifici- 
ty): RA3-6B2 (B220) (12), 187.1 (k light chain) (13), GK1.5 
(CD4) (14), 53.6-7 (CD8) (15), and 53-7.8 (CD5) (PharMin- 
gen). For electron microscopy, samples of fresh lung tissue 
were processed by standard techniques into Araldite-Epon 
resin, and thin sections were stained with alkaline lead citrate 
and uranyl acetate. 

Hematological Analysis. Hemoglobin, total leukocyte, and 
platelet estimates were performed on 1:4 dilutions of eye- 
bleed samples with a Sysmex-KlOOO automated counter; 
manual 100-cell leukocyte differential counts were performed 
on May-Grunwald/Giemsa-stained smears. Semisolid agar 
cultures of bone marrow, spleen, or peritoneal cells were 
prepared and scored as described (10, 16). Colony formation 
was stimulated by the following recombinant growth factors 
(at the specified final concentrations): human granulocyte 
colony-stimulating factor (G-CSF; 10 ng/ml), murine GM- 
CSF (10 ng/ml), murine IL-3 (10 ng/ml), murine macrophage 
colony-stimulating factor [M-CSF (CSF-1); 10 ng/ml], rat 
stem cell factor (SCF; 100 ng/ml), murine interleukin 6 (IL-6; 
500 ng/ml), and SCM (10%). 

Statistics. Data are given as means ± SD. To test for 
statistically significant differences, the unpaired Student t 
and x 2 tests were used. 

RESULTS 

Verification of GM-CSF Gene Disruption. Southern blotting 
analysis of Bgl U-digested tail DNA confirmed the structure 
of the targeted allele in GM-/- mice: the 2.3-kb species 
hybridizing with the GM-CSF probe containing exons 1-2 
was absent from GM-/- DNA, but GM-/- DNA con- 
tained the predicted 7.7-kb species hybridizing with the 
GM-CSF promoter probe external to the targeting vector 
(Fig. 2 A). GM-/- SCM contained no detectable immuno- 
or bioactive GM-CSF (Fig. 2 A and B) 9 confirming the 



Fio. 1. Generation of GM-CSF 
deficient mice. Strategy for disruption 
of GM-CSF gene, showing intact and 
disrupted GM-CSF gene (exons la- 
beled 1, 2, 3, and 4) and targeting 
construct, locations of restriction en- 
zyme sites (E = £coRI, B = Bgl II, 
SC = Sea I, SM = Sma I, X = Xmn 
I, P - Pst I, H = tfmdIII, SL = Sal 
I), probe A (corresponding to deleted 
sequences), probe B (external to con- 
struct, diagnostic for targeted disrup- 
tion), and sites of PCR primer hybrid- 
ization (a, b, and c; see text). In the 
disrupted allele, exons 1 and 2 and 
intron 1 are deleted, replaced by the 
E. coli lacZ gene, human 0-globin 
gene 3' untranslated and poly(A) ad- 
dition sequences (0G), and PGK-neo 
(see text). 

inability of GM-/- tissues to make GM-CSF. All GM-/- 
SCM were potent, containing bioactive IL-3, although 
GM-/- SCM contained less IL-3 than in GM+/+ SCM 
(GM-/- SCM, 16 ±2 units/ml, n = 4; GM+/+ SCM, 49 ± 
20 units/ml, n = 4; P < 0.01). 

Viability and Fertility. From initial matings of GM+/- 
mice, litters of 10 ± 3 pups (n = 8) resulted with the genotypes 
GM+/+, GM+/-, and GM-/- represented in approxi- 
mately Mendelian ratios, indicating no selective fetal or 
neonatal loss of GM-/- pups. Survival of GM-/- mice 
was normal [GM-/-, >91%, n = 35; GM+/+, >88%, n = 
17) with the following median follow-up time: (range): 
GM-/-, 220 (0-334) days; GM+/+, 209 (0-313) days]. The 
two dead GM-/- mice in this cohort had lymphoid leukemia 
(died day 153) and the other had hepatitis (died day 167). 
From initial matings of male and female GM-/- mice, litters 
of 9 ± 1 pups (n = 5) resulted, indicating that GM-CSF 
deficiency did not grossly impair fertility or fecundity. 

Hematological Analysis of GM-CSF-DeHdent Mice. The 
peripheral blood of 6- to 7-wk GM-/- mice showed no 
significant difference from GM+/+ littermates. Respective 
values for GM+/+ (n = 10) and GM-/- (n = 10) mice were 
as follows: hemoglobin, 162 ± 7 and 163 ± 5 g/liter; platelets, 
838 ± 105 x HP and 822 ± 109 x HP per liter; total 
leukocytes, 5.9 ± 1.0 x 10 9 and 7.4 ± 2.4 x 10 9 per liter; 
neutrophils, 1.1 ± 0.3 x 10* and 1.2 ± 0.6 x 10 9 per liter; 
lymphocytes, 4.7 ± 1.1 x HP and 6.0 ± 2.0 x HP per liter; 
monocytes, 0.12 ± 0.10 x HP and 0.13 ± 0.13 x HP per liter; 
and eosinophils, 0.09 ± 0.06 x HP and 0.13 ± 0.13 x HP per 
liter. GM-/- mice tended to have greater variation in their 
granulocyte levels [e.g., granulocyte levels of 5- to 7-wk mice 
were as follows: GM-/-, 1.7 ± 1.5 x HP per liter (« = 33; 
range, 0.2-6.6); and GM+/+, 1.3 ± 0.7 x HP per liter (n = 
15; range, 0.29-3.1)]. Spleens of GM-/- mice showed 
increased variability in mass [e.g., spleen mass (range) of 
6-wk mice, n = 6 per group, were as follows: GM+/+, 106 
± 9 (94-120) mg; and GM-/-, 114 ± 42 (64-191) mg]. 
Femoral cellularity was equivalent (GM+/+. 34.0 ± 5.3 x 
10 6 ; and GM-/-, 27.4 ± 7.0 x 10* cells per femur, n « 3), 
and the myeloid :erythroid ratios were equivalent (20 ± 2% 
and 17 ± 6% erythroid cells, respectively). There was no 
nuyor difference in marrow total progenitor cell frequency 
(Table 1), and colony typing indicated no differences in 
frequencies of granulocyte, granulocyte-macrophage, mac- 
rophage, eosinophil, megakaryocyte, erythroid, and blast 
marrow progenitor cells. In crowded unstimulated cultures of 
up to 2 x 10 5 GM-/- marrow cells per ml, colony formation 
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Fig. 2. Deletion of GM-CSF exons 1-2 results in lack of GM-CSF immunoreactivity and bioactivity in SCM. (A) Southern blot is shown 
of Bgl II-digested tail DNA from PCR-genotyped GM+/+ and GM-/- mice probed first with probe A (see Fig. 1), confirming that GM-CSF 
exons 1 and 2 are present in wild-type DNA but deleted from GM-/- DNA, and then reprobed with probe B, confirming that the GM-/- 
mouse is homozygous for the disrupted GM-CSF allele. (B and C) Levels of immunoreactive (B) and bioactive (C) GM-CSF (solid columns) 
and bioactive IL-3 (open columns) in media conditioned by concanavalin A- and IL-2-stimulated splenocytes are shown for individual GM+/+ 
and GM-/- mice. In C, the open portion of the solid column shows GM-CSF bioactivity after neutralization with an anti-GM-CSF antibody. 



was only somewhat reduced, indicating that "spontaneous" 
colony formation in vitro is not solely dependent on GM-CSF 
production. There was a 3- to 6-fold increase in frequency of 
splenic progenitor cells in GM-/- mice and an absolute 
increase in splenic progenitor cell number (Table 1). Perito- 
neal washings recovered 6.0 ± 1.4 x 10 6 and 5.1 ± 1.4 x 10 6 
cells from GM+/+ and GM-/- mice (65% and 63% mac- 
rophages, respectively). 

Histological Characterization of Pulmonary Disease in GM- 
CSF-Deflcknt Mice. Although at birth the lungs of GM-/- 
and GM+/+ animals were indistinguishable, by 3 weeks of 
age striking abnormalities were evident. Individual GM-/- 
lungs consistently showed focal peribronchovascular aggre- 
gates of lymphoid cells but little infiltration of alveolar septa 
(Fig. 3 A-C). Immunostaining of 12- to 16-wk GM-/- lungs 
showed these cells to be predominantly B lymphocytes and 
about 20% T cells, predominantly CD4 + (Fig. 3 Er-H). The 
lymphoid infiltrate was particularly marked around hilar 
vessels, occasionally assuming a follicular organization, but 

Table 1. Hematopoietic progenitor cells in GM-CSF- 
deficient mice 

Total colonies, 

~ „ u . mean ± SD 



no. 


n 


Stimulus 


GM+/+ 


GM-/- 


Bone marrow 










25,000 


5 


GM-CSF 


59 ± 12 


51 ± 19 






G-CSF 


19 ± 3 


15 ± 7 






M-CSF 


64 ± 16 


59 ± 25 






IL-3 


68 ± 12 


68 ± 19 






SCF 


29 ± 3 


22 ± 13 






IL-6 


18 ± 8 


18 ± 10 






SCF + GM-CSF 


66 ± 12 


63 ± 26 


200,000 


5 


Saline 


79 ± 62 


39 ± 44 


Spleen 
100,000 


3 


GM-CSF 


3 ± 4 


8 ± 2 






SCF 


0 


4 ± 2* 






SCF + GM-CSF 


3 ± 1 


20 ± 2* 






SCM 


4 ± 3 


18 ± 2* 



Genotype is indicated as wild- type (GM+/+) or GM-CSF- 
deficient (GM-/-). The spleen masses were 64 ± 8 mg for GM+/+ 
mice and 114 ± 22 mg for GM-/- mice (P < 0.05). n is the number 
of mice studied. 
*P < 0.05. 



the cells exhibited little mitotic activity. Characteristically, 
the perivascular infiltrate extended peripherally with a pre- 
dilection for the perivascular area (Fig. 3/f). Focal consoli- 
dation was prevalent, consisting of an eosinophilic alveolar 
exudate containing numerous mature and fragmented neu- 
trophils and macrophages (Fig. 3D), occurring most com- 
monly in the tips of lobes, but frequently was more extensive. 
In older 6- to 12-wk lungs, the lymphoid hyperplasia pre- 
dominated, alveoli contained large foamy macrophages and 
granular debris, and focal acute inflammation sometimes 
occurred (Fig. 3D). One 6-wk GM-/- mouse had a chronic 
pulmonary abscess with an organized wall lined by foamy 
macrophages. Granular, eosinophilic, periodic acid/Schiff 
reagent (PAS)-positive, diastase-resistant material within al- 
veoli was present in all lungs examined (3-wk- to 10-month- 
old mice) (e.g., Fig. 3 D, K, 0, and P), apparently accumu- 
lating and becoming confluent in some alveoli. In some areas 
of GM-/- lungs, the appearances of contiguous alveoli 
containing this material resembled those of alveolar protein- 
osis (Fig. 3 O and P). Surfactant-producing type-II alveolar 
cells were readily identified by their cytoplasmic lamellar 
bodies (Fig. 4A); the alveolar debris included numerous 
type-C lamellar bodies (Fig. 4£), and these were seen within 
phagosomes of alveolar macrophages (Fig. 4C). Some alve- 
olar spaces in older lungs were large, suggesting an emphy- 
sematous process (Fig. 30. One 4-wk-old GM-/- mouse 
died with lobar pneumonia (Fig. 3N) from which Pasteurella 
pneumotropica was isolated. Grocott and PAS stains iden- 
tified foci of 5- to 10-/i,m-diameter fungal elements in 3 of 15 
GM-/- lungs but in none of 7 GM+/+ lungs (e.g., Fig. 3 
t-K). Gram-positive coccobacilli were present in one pneu- 
monic area (Fig. 3 L and Af ). No mycobacterial infections 
were evident with Ziehl-Neelson and Wade-Fite stains. 

DISCUSSION 

Since the actions of hematopoietic regulators appear to 
overlap, it is possible that individual regulators might be 
wholly or partially redundant (5). This proposition is most 
directly assessed by analysis of mice deficient in individual or 
multiple regulators. Our analysis of GM-/- mice (up to 12 
wk of age) indicates no perturbation of major hematopoietic 
populations in marrow or blood. There are two obvious 
interpretations: either GM-CSF may not be an important 
regulator of normal hematopoiesis, or alternatively, GM-CSF 
may contribute to the maintenance of steady-state he- 
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Fig. 3. Lung histopathology of GM-CSF-deficient mice. (A) Normal C57BL/6 lung (13 wk), central region. [Hematoxylin/eosin (H&E); 
x 20.] (B and C) GM- /- lung (11 wk) with moderate (B) and extensive (C) lymphoid hyperplasia around central and peripheral vessels. (H&E; 
x20.) (£>) Detail of alveoli in GM-/- lung (7 wk) with large foamy macrophages, neutrophils, and eosinophilic alveolar debris. (H&E; x200.) 
(E-H) Immunoperoxidase staining of perivascular mononuclear cells in GM-/- mouse lung (16 wk) x 100 with the following primary antibodies 
(and specificity): none (phosphate-buffered saline; negative control) (£); RA3-6B2 (B220) (F); GK1.5 [CD4] (C); and 53.6-7 [CDS] (H). The same 
nodule is in each panel. (E-H, x 100.) (I-K) Focus of infection with fungal element in GM-/- lung (16 wk). (/) Positive control for Grocott 
stain. (/) Grocott-positive fungal particles of 5-10 /im. (K) PAS-positive fungal particles in same location of the contiguous section. (I-K, x 200.) 
(Ir-A0 Bacterial infections in GM-/- lungs. (L) Gram stain control with Gram-positive and Gram-negative bacilli. (M) Gram-positive 
coccobacilli in 7- wk pneumonic consolidated area. (N) Purulent acute Pasteurella pneumotropica lobar pneumonia in mouse dying at 4 wk. (N t 
H&E; L-N t x200.) (O-Q) Features of 24-wk GM-/- lung. (O and P) Granular refractile PAS-positive homogenous eosinophilic material in 
contiguous alveoli. (0 Emphysematous area (e.g., arrow) with persistent peribronchovascular lymphoid hyperplasia. (H&E in O and fi, PAS 
in P; O-Q, x200.) 



matopoiesis, but in its absence other regulators are able to 
replace its usual role. Splenic progenitor cell levels were 
increased in GM-/- mice, but this may reflect subclinical 
pulmonary infection. 

The possibility that GM-CSF is wholly redundant can be 
discounted because all GM-/- mice develop abnormal 



lungs. Our initial studies have not identified the nature of the 
intrinsic pulmonary defect that characterizes GM-CSF defi- 
ciency. The alveolar material that accumulates may be a local 
product, such as surfactant phospholipid and protein, either 
produced in excess or cleared too slowly possibly because of 
a functional defect of macrophages. The presence of numer- 
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Fig. 4. Ultras tructure of lungs from GM-CSF-deficient mice. Electron microscopic sections of 24- wk GM-/- lung (same mouse lung as 
in Fig. 3 0~Q). (A) Type II surfactant-producing alveolar cell with characteristic intracytopiasmic lamellar bodies. Adjacent alveolus contains 
type-C lamellar body. (B) Numerous intraalveolar type-C lamellar bodies with characteristic "onion'* appearance. (C) Intraalveolar macrophage 
with phagosomes containing "onion" structures resembling type-C lamellar bodies. (Bars = 1 um.) 



ous type-C lamellar bodies within alveoli and macrophages is 
consistent with the accumulation of surfactant components 
(17). In some areas, the histological appearance of lungs from 
GM-/- mice resembles that of some forms of alveolar 
proteinosis, a heterogeneous group of congenital and ac- 
quired lung disorders characterized by accumulation of sur- 
factant protein within alveoli and often complicated by in- 
fection (17-19). The role of GM-CSF in the production and 
clearance of surfactant has not been studied. 

A prominent feature of the lung pathology of GM-/- mice 
is infection with a range of opportunistic bacterial and fungal 
organisms. The lymphoid hyperplasia may be part of the 
general pulmonary response to infection; these appearances 
resemble those of Pneumocystis carinii infection in immu- 
nocompromised mice (20). When infection occurs, the re- 
sponse of GM-/- mice is usually adequate to prevent death, 
but the ongoing pathology in mice of all ages indicates that the 
host response to infection is defective. In the absence of 
GM-CSF, inflammatory cells can still be localized in tissues 
such as the lung, although their functional competence may 
be impaired. Alveolar macrophages are particularly respon- 
sive to GM-CSF, and many cell types present in the lung are 
capable of GM-CSF synthesis (21, 22). A significant compo- 
nent of the intrinsic pulmonary defect may therefore be the 
absence of local GM-CSF-dependent activation of macro- 
phages involved in either surfactant clearance or infection 
control. It will be interesting to gauge the influence of 
environmental factors on both the hematologic and pulmo- 
nary manifestations of GM-CSF deficiency by comparing 
GM-/- mice raised in conventional and gnotobiotic animal 
facilities. 

The pulmonary pathology accompanying absolute GM- 
CSF deficiency suggests therapeutic potential for GM-CSF in 
lung disorders characterized by infection or by the accumu- 
lation of alveolar material such as occurs in alveolar protein- 
osis. Acquired forms of alveolar proteinosis may reflect a 
local relative deficiency of GM-CSF. Among congenital 
forms of alveolar proteinosis, there may be a human coun- 
terpart to murine GM-CSF deficiency, for which GM-CSF 
replacement therapy would be appropriate. 
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